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Abstract Content (Single spaced, one page, two space paragraph indent, no more than 350 
words.) 
The Upper Turonian Wall Creek Member (WCM) of the Frontier Formation is 
part of a series of marine sandstones that were deposited on the western flank of the 
Cretaceous Western Interior Seaway (KWIS). The KWIS was a low accommodation 
shallow-marine foreland basin system that included many large deltaic complexes on its 
western margin. Deposition of WCM deltaic deposits was strongly influenced by fourth-
order glacioeustatic cycles, oceanographic circulation patterns, and tectonics related to 
the active Sevier fold and thrust belt to the west.  An in-depth field study of the WCM 
was performed on the western flank of the Powder River Basin (PRB), WY, in exposures 
forming the eastern flank of the Tisdale Anticline, a Laramide structure. The goal of the 
field study is to document the lateral and vertical heterogeneities within the WCM 
sandstone, its architectural elements, and its stratigraphic surfaces and use these to 
develop a sequence stratigraphic framework. Results of this study improve the 
understanding of depositional processes of the WCM and its characterization as a 
petroleum reservoir within ~30km of active drilling and production of the WCM in the 
PRB. 
 This study describes 8 facies: 1) laminated mudstone 2) interbedded siltstone and 
sandstone 3) hummocky cross-stratification 4) low-angle stratified sandstone 5) thinly 
interbedded sandstone and siltstone 6) heterolithic cross-bedded sandstone 7) medium-
grained heterolithic cross-bedded sandstone and 8) trough cross-bedded sandstone. These 
facies are consolidated into 4 facies associations: FA1) prodelta FA2) distal delta front 
FA3) middle delta front FA4) tidal bars/shoals. Facies characteristics, facies stacking 
patterns, and architectural surfaces/elements indicate two primary deltaic influences: 1) 
storm/wave dominated deltas and 2) tidally dominated deltas. Three incomplete 
stratigraphic sequences are observed from facies stacking patterns and stratal geometries. 
Sequence 1) transgressive systems tract 1 (TST1), highstand systems tract 1 (HST1), and 
falling stage systems tract 1 (FSST1); Sequence 2) transgressive systems tract 2 (TST2) 
and highstand systems tract 2 (HST2); Sequence 3) lowstand systems tract 1 (LST1). 
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INTRODUCTION 
The Wall Creek Member (WCM) of the Upper Cretaceous (Turonian) Frontier 
Formation is a well-established target for conventional oil and gas extraction within the 
Powder River Basin (PRB), Wyoming, USA (Wegemann, 1918; Strickland, 1958; 
Johnson and Baldwin, 1996; Snedden and Bergman, 1999). Recent technological 
advances in drilling and production techniques have renewed interest in the WCM as a 
petroleum exploration target. However, the optimal placement and stimulation of wells 
within the WCM requires a detailed understanding of the variations in vertical and lateral 
heterogeneities characteristic of these deposits. Most prior outcrop-based studies of the 
WCM focused on interpreting the depositional setting, but paid little attention to its 
stratigraphic heterogeneity. Perhaps as a result, a wide variety of depositional settings 
have been interpreted from the WCM, including offshore bars and shelf sand ridges 
(Tillman and Martinsen, 1985; Tillman and Merewether, 1994), shelf sand sheets (Winn, 
1991), prodelta plumes (Merewether et. al., 1979), estuarine systems of incised river 
valleys (Tillman and Merewether, 1994; 1998), and lowstand delta systems (Sadeque, 
2006; Lee et. al., 2007). Findings presented in this study suggest that the Wall Creek 
system is best viewed as a temporally dynamic depositional system that locally supports 
many of the depositional environment interpretations proposed by these previous 
researchers. These temporal changes in environment resulted in a complex reservoir 
architecture with significant lateral and vertical heterogeneity over short distances. 
The exceptional exposures of the Wall Creek member in the study area, located 
along the eastern limb of the Tisdale Anticline, south of Kaycee, Wyoming, are ideal for 
documentation of the stratigraphic and spatial facies variability in three dimensions. In 
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addition, the outcrop study area is located in close proximity to active drilling sites that 
are targeting the Wall Creek Member. As a result, the Tisdale outcrops serve as a direct 
analog to subsurface WCM sandstones being developed and produced in the PRB 
(Hofmann et. al. 2014; Fluckiger et. al. 2015). Analysis of the Tisdale outcrops provides 
for high resolution documentation of vertical and lateral heterogeneities in the WCM than 
possible using core and/or well logs. In addition, analysis of the Tisdale outcrops 
provides the basis for predictive depositional models that capture the spatial and temporal 
facies changes along the length of a hypothetical lateral drilled through the WCM. 
Results from this research suggest that depositional processes in the Wall Creek 
member were influenced by changing oceanographic circulation and shoreline 
morphology. Variations in bathymetric gradient, shoreline shape, and trunk stream flow 
rate through time reflect changes in wave energy that resulted in the significant lateral 
and vertical heterogeneity across the study area. 
 
2. GEOLOGICAL FRAMEWORK AND BACKGROUND 
2.1 Geological Background 
2.1.1 Frontier Stratigraphy 
The Frontier Formation was deposited within the Cretaceous Western Interior 
Seaway (KWIS) 97-88.5 Ma ago (Kirschbaum and Mercier, 2013) as a series of three 
sandstone members (Belle Fourche member, Emigrant Gap member, Wall Creek 
member) separated by mudstone intervals (Merewether et. al., 1979) (Figure 1). The 
Frontier Formation is underlain by the Mowry Shale and overlain by the Cody Shale.  
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Figure 1: From left to right: Eustatic sea level curve showing short term (solid line) and long term (dashed line) changes, stratigraphic column showing the formation and members in the Western Powder River Basin, bentonite age dates, 
age correlation column, ammonite zones of the Western Powder River Basin, and an expanded ammonite zones between the lower Coniacian and the middle Cenomanian (Figure modified from Merewether et. al., 1979; Haq et. al., 1987; 
Kirschbaum and Mercier, 2013).
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The most reliable age control comes from a series of bentonite beds in the Mowry Shale 
just below the base of the lower Frontier Formation, the most regionally correlative being 
the Clay Spur Bentonite, dated at 97.17 ± 0.69 Ma by radiometric dating on zircons 
(Oboh-Ikuenobe et. al., 2007;), and providing a maximum age for the Frontier Formation. 
Ammonite zonation is well established in the Frontier Formation and provides an 
additional chronologic data set (Cobban et. al., 2006; Kirschbaum and Mercier, 2013).  
The Belle Fourche member contains ammonites of the Conlinoceras tarrantense zone 
(95.73± 0.61 Ma) and the Vascoceras birchbyi zone (93.48± 0.58 Ma)), the middle 
Emigrant Gap of the Prionocylcus hyatti zone (92.46±0.58 Ma) and the Prionocyclus 
macombi zone (90.21 ± 0.54 Ma)), and the Wall Creek member contains ammonites of 
the Prionocyclus macombi zone (90.21 ± 0.54 Ma) and the Scaphites preventricosus zone 
(88.55 ± 0.59 Ma)) (Figure 1). 
2.1.2 Powder River Basin Structures 
The study area occurs within the zone of Laramide-style deformation 
characterized by basement-involved contractile structures formed through tectonic 
partitioning of the Rocky Mountain foreland basin during late Cretaceous and early 
Paleogene time (Dickinson et. al., 1988; WOGCC, 2014; Weil et. al., 2016). In Wyoming, 
Laramide deformation exhibits a general north-northwest trend that includes the 
asymmetrical structural Powder River Basin (PRB), the Bighorn Uplift on its western 
margin and the Black Hills uplift on its eastern margin (Figure 2; Dickinson et. al., 1988; 
Weil et. al., 2016).  
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Figure 2: Regional and local view of the study area within the Western Powder River Basin. 
Upper left: Location of the Powder River Basin in northeast Wyoming and southeast Montana. 
Bottom left: Close up of the Powder River Basin area with major structural features shown (see 
red rectangle in upper left image for location) (Modified from Dickenson, 1988).  Major roads are 
shown in red, the Powder River Basin is outlined with a dashed blue line; the axis of the 
asymmetric basin is marked with the solid gray line; the field site is labeled in the black box. 
Right side: Zoom in view of the Tisdale Anticline field site (see black box in bottom left figure 
for location) showing measured sections (white dots), measured sections with spectral gamma ray 
(yellow dots), and subsurface well logs locations that were used to correlate to the subsurface (red 
dots). 
A series of smaller anticlines and synclines are associated with the larger scale 
Laramide structures. One of the largest structural features along the western flank of the 
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PRB is the Tisdale Anticline (Eckelberg, 1958). The Tisdale Anticline, located 40 miles 
north-northwest of Casper, Wyoming (Figure 2), is six miles wide and approximately 
thirteen miles long. Jurassic and Cretaceous (Sundance-Frontier) strata are exposed 
within the anticline (Eckelberg, 1958). 
2.2 Paleogeography 
The Cretaceous Western Interior Seaway (KWIS) is a flooded retroarc foreland 
basin that, during the Turonian, stretched from the Arctic Circle to the Gulf of Mexico, 
creating two separate landmasses, Laramida and Appalachia (Figure 3; Kauffman, 1977; 
Talling et. al., 1994; Archibald, 1996; Gani and Bhattacharya, 2007; López and Steel, 
2015).   
 
Figure 3: Paleogeographic reconstruction of the Cretaceous Western Interior Seaway during a 
Late Turonian Transgression (left) and a Late Turonian Regression (right) based off published 
maps from Blakey, 2014. The PRB is outlined by the red box with the field site being located on 
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the far left side of the red box. The counterclockwise arrows indicate seaway circulation 
(Modified from Blakey, 2014). 
The western landmass, Laramidia, included a volcanic arc and the Sevier fold and 
thrust belt that resulted from eastward subduction of the Farallon plate beneath the North 
American plate (Talling et. al., 1994; López and Steel, 2015; Liu and Currie, 2016; 
Stevens et. al., 2016; Weil et. al. 2016) (Figure 4; Liu and Currie, 2016).  
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Figure 4: Map view (top) and cross-section view (A-A’; bottom) of the Sevier fold and thrust 
belts along the western margin of the Cretaceous Western Interior Seaway with the yellow box 
indicating the position of the study site. Map modified from Kirschbaum and Mercier (2013); 
cross-section modified from DeCelles and Giles (1996). The map view colors indicate 
depositional environments. The cross-sectional view shows the structure and anatomy of the 
foreland basin system. 
During the late Cretaceous detrital sediments were actively shed and transported 
from the Sevier fold and thrust belt east into the foreland basin and KWIS that occupied it 
(Figure 4; Gani and Bhattacharya, 2007). The sediment influx to the foreland basin 
created a complex series of well-known late Cretaceous deltas along the western banks of 
the KWIS, including the Notom, Vernal, Ferron, and the Frontier delta systems (Figure 3; 
Figure 4) (Bhattacharya and MacEachern, 2009; Ahmed et. al., 2014). 
Palaeoceanographic reconstructions suggest that the KWIS had a complex 
shoreline morphology that consisted of a series of smooth, wave dominated deltas/ 
shorelines and small tidal dominated embayments (Gani and Bhattacharya, 2007; 
Vakarelov et. al., 2012; Ahmed et. al., 2014). The complexity of the coastal morphology 
has been historically attributed to three general mechanisms, 1) large counter clockwise 
gyre systems that resulted in a strong southerly current along the western portion of the 
KWIS, (Slingerland & Keen, 1999 2) frequent large tropical storms (winter and summer) 
which resulted in enhanced southerly flows and offshore directed rip-currents (Winn, 
1991), 3) progradation of fluvial systems, typically attributed to base level fall, which 
created coastline protrusions that resulted in enhanced tidal currents in areas that became 
isolated/protected from the dominant storm energies(Slingerland et. al., 1996; Longhitano 
& Steel, 2016).  
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2.3 Oil and Gas Development in the PRB 
The PRB is a prolific hydrocarbon producing province. The first oil was produced 
from the PRB 1886-1887 (Eckelberg, 1958; Strickland, 1958) from basin marginal 
anticlines, such as the Teapot Dome, producing >715 million barrels from the Cretaceous 
Frontier and Shannon Formations, and the Pennsylvanian Tensleep Formation, and an 
estimated 1.8 billion barrels still remaining in reserves(Anderson, 2009; WOGCC, 2017).  
Historically, the PRB has produced over 2.9 billion barrels of oil through 2013 
(WOGCC, 2014) with 2013 being the record production year in the Powder River Basin 
producing over 4.1 million barrels. Most the production in the basin is assessed to have 
been sourced by the Mowry shale with supplementary sourcing from the Niobrara 
Formation and the Cody Shale (Momper and Williams, 1984; Dolton et. al., 1990; 
Lawrence, 2010). Studies by Momper and Williams, 1984, estimate that the Mowry shale 
initially generated as much as 12 billion barrels of oil. This substantial estimate of 
possible reserves leads to the importance of understanding the petroleum systems within 
the PRB to extract the highest yield of hydrocarbons out of the system. 
Today the Powder River Basin is still booming despite the decrease in recent oil 
prices. In 2016 the PRB yielded over 52% of the production in Wyoming at 38,345,014 
barrels, and even more in 2015 where the PRB yielded 50,245,712 barrels (RMOJ, 2017). 
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METHODS 
Located on the western flank of the Powder River Basin near Kaycee, WY, the Tisdale 
and Kaycee Anticlines expose a 30 km north south trending outcrop belt of the Wall 
Creek Member. A total of 23 detailed measured stratigraphic sections were logged along 
the east flank of the anticlines at a spacing of ~0.8 km except in areas of limited land 
access or outcrop accessibility (Figure 2). GPS locations were acquired at the base and 
the top of the outcrop (Appendix D). Wall Creek exposures between the measured 
sections were walked out and analyzed via photo panoramas.   
At each measured section, the bed thickness, grain size, lithology, sedimentary 
structures, bioturbation/ichnofauna, and paleoflow were recorded (Figure 5).   A total of 
732 individual paleoflow indicator measurements were recorded using a Brunton 
compass. Bioturbation index was recorded at a scale of 1 to 5 (Droser and Bottjer, 986), 
and a trace variability scale ranging from 1-3 (Low: 1, Medium: 2, High; 3) was created 
to record trace diversity and abundance (Figure 6). Low variability was assigned to 
intervals with only 0-2 different traces present (Figure 6). Medium variability was 
defined as 3-4 different traces, and high variability by 5 or more different traces (Figure 
6).   
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Figure 5: Type log of the Wall Creek member in the study area (Wall Creek Road Section 1). From left to right, depth column with meters 
on the left and feet on the right, measured stratigraphic column with bed thicknesses and colors indicating facies, sedimentary structures 
column, bioturbation index column with the warmer colors (red) indicating high bioturbation index and the cooler colors (gray-green) 
indicating low bioturbation index, trace variability column with the warmer colors (red) indicating high variability and the cooler colors 
(gray-green) indicating low variability, paleoflow column from 0-360 degrees, gamma ray column (red trace) from 40-240 API, facies log 
with colors indicating facies, spectral gamma ray column with potassium (0-5%; yellow), uranium (0-12ppm;  green), and thorium (0-30; 
purple).
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Figure 6: Table showing the 
trace variability scheme from 
1-3 and the associated number 
of observed traces. 
 
In addition to the physical structures and fabrics observed in outcrop, a RS-125 
handheld GR scintillometer was used to acquire spectral gamma radiation profiles on 14 
of the 23 stratigraphic sections (Appendix B). Spectral gamma ray data records potassium 
(%), uranium (ppm), and thorium (ppm) as separate channels.  Spectral gamma data were 
acquired every 30-60 vertical centimeter throughout the majority of the sections, except 
where measurements at 15 centimeter intervals were acquired across abrupt facies 
changes and stratigraphic surfaces. For each acquisition point, the outcrop faces were 
cleaned and the instrument placed directly on the surface for 90 seconds. Photos were 
taken at each gamma ray position in order to investigate data outliers (e.g. check the 
abundance flora, roots, and modern soils at the top of the sections that could affect the 
uranium and thorium data). Spectral gamma ray data is converted to total GR (API) using 
the equation:  
Total GR (API) = K (%)*16+U (ppm)*8+Th (ppm)*4 (Donaldson, 1989). 
 
A total of 289 rock samples were collected in this study to aid outcrop observations. 
Of these samples 34 samples from the H191-1, TTT Road Section 1, WCR-1, and TW-7 
sections were cut into thin sections. These thin sections were selected to represent all 
Trace Variability Number of different traces 
1      Low              0 to 2 
2   Medium               3 to 4 
3      High                   5+ 
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observed lithofacies and were analyzed using polarized petrographic microscopy to 
conduct a qualitative petrographic analysis (Appendix F).   
Fifteen samples were analyzed by X-ray Diffraction (XRD) using a PANalytical 
X’Pert PRO X-ray diffractometer and processed using X’Pert PRO analytical software at 
the University of Montana (Appendix A).   Each of the XRD samples each have a 
corresponding thin section.  Each XRD sample was scanned three times between 2 and 
70 θ at 11 minutes/scan. Semi-quantitative Rietveld analysis was used to determine bulk 
mineralogy. 
In addition to the sections from outcrop, eleven subsurface wells (S1-S14), located 
closely to the outcrop (Figure 2), were integrated to this study to allow for a better spatial 
analysis of the stratigraphic intervals.  Of the eleven wells, wells S5, S9, and S12 
contained GR logs, the rest of the eleven wells contain only spontaneous potential (SP) 
and resistivity logs (Res, ILD). 
RESULTS 
4.1 Facies/ Facies Descriptions 
Facies are used to divide large stratigraphic packages into smaller components 
that have similar lithological, physical, and biological components relative to the 
surrounding stratigraphy (Cattuneanu, 2006).  In this study, facies are distinguished based 
on lithology, bed/lamina thickness, grain size, sedimentary structures, composition and 
fabric, and ichnofacies. Following are descriptions of 8 facies and 9 subfacies recognized 
in the Wall Creek Member. 
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4.1.1 Facies 1: Laminated mudstone (F1) 
Description (Figure 7,8, Appendix A, E) 
Facies 1a: Laminated silty mudstone (F1a) 
Facies 1a is a light to dark gray mudstone with conchoidal fractures and 
interlaminated light gray to tan silt and very fine-grained sandstone (Figure 7,8). Results 
from bulk XRD analysis indicate a dominance of quartz (~43%) and clays (~47%) with 
minor feldspar (~6%) and pyrite (~3%) (XRD wt %, Appendix A). Sedimentary 
structures include millimeter scale (1-3 mm high) ripples, laminations, and lenticular 
bedding. The bioturbation index is 1-2 with medium trace variability; Chondrites, 
Terebellina and small (3-5 mm in diameter) Planolites were observed. Rare ammonite 
casts (Scaphites whitfieldi (Plate 7)), are also present. 
 
Facies 1b: Laminated mudstone (F1b) 
Facies 1b is identified by a dark black fissile mudstone with local laminae and 
lenses of light gray and tan silt to very fine-grained sandstone (Figure 7,8). In addition, 
thin (3-5 mm thick), discontinuous (10-15 cm length) stringers of organic matter are 
present in this facies. Sedimentary structures include millimeter scale (1-3 mm high) 
ripples and laminations. The bioturbation index is 1-2 with low trace variability; 
Chondrites and small (3-5 mm in diameter) Planolites were observed along with rare 
Scaphites whitfieldi casts (Plate 7).
15 
 
 
 
 
Figure 7: Facies table with colors indicating different facies. Columns from left to right, lithofacies, lithofacies description, bed/laminae boundaries, grain size, sedimentary structures, ichnofacies, depositional processes, 
interpretation, facies association (FA). 
16 
 
 
 
Facies 8: Outcrop photographs of each facies and subfacies (facies and subfacies numbers in white boxes). Photo Scale in centimeter, Black marks on wooden measuring stick in 10 cm increments.   
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4.1.2 Facies 2 Interbedded siltstone and sandstone (F2) 
Description (Figure 7,8, Appendix A, E) 
Facies 2a: Thinly bedded tabular siltstone and sandstone (F2a) 
Facies 2a is characterized by light to dark gray siltstone and tan to brown silty 
sandstone (Figure 7,8) with grain size ranging from silt to lower fine sand. Bed thickness 
ranges from 1-5 cm and laminae vary from 1-5 mm. Beds are lenticular- to wavy-bedded 
with abundant planar-low angle laminations, heterolithics resembling Tc to Te Bouma-
sequences (Bouma, 1962; Figure 9), pinch and swell structures, and combined flow 
ripples (<10 cm spacing; 1 cm height) with mud draped foresets. More localized 
sedimentary structures include trough cross-beds (~30 cm spacing and 5-8 cm height), 
soft sediment deformation, and convoluted bedding. The bioturbation index ranges from 
1-2 with medium trace variability. Dominant traces include small (1-5 mm) Planolites, 
Arenicolites, and Palaeophycus. Local stringers of organic material (1-3 cm thick; 10-15 
cm length were observed, as were rare Scaphites whitfieldi (Plate 7). This subfacies is 
common throughout the whole field area and most abundant between WCR-3 and WCR-
4.
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Figure 9: Figure showing pictures (A-C) of turbidite/heterolithic deposition within the Wall Creek Member, the left column show three pictures of hyperpycnites (A), turbidites (Bouma) (B), and heterolithic deposits (C). The middle column 
shows a generalized model of the three sets of deposits observed. The right column shows a generalized model of what Bouma turbidites, hyperpycnites, and heterolithic deposits look like (modified from Mulder et. al., 2003). A: Note the 
fluctuating flow between ripple lamination and planar lamination (left and middle column) B: The pictures (left column) show an uninterpreted photo (top) and an interpreted (bottom; black dashed lines) and the middle column shows the 
three types of turbidites observed. Note the two low density turbidites (two on bottom) and the high/low density turbidite (top). Note the floating clasts in the middle of the bed. C: Heterolithic deposits with a mix of graded bedding, 
convolute bedding and combined flow ripples. These deposits resemble small scale Tb-Te Bouma sequences.   
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Facies 2b: Thinly bedded lenticular siltstone and sandstone (F2b) 
Facies 2b is characterized by light to dark gray siltstone and light gray silty 
sandstone (Figure 7,8) with grain size ranging from silt to lower fine sand and local 
stringers of organic material (1-3 cm thick; 10-15 cm length). This facies has a lower 
sand/silt ratio than facies 2a. Sedimentary structures include planar lamination and low 
angle cross-bedding, pinch and swell structures, lenticular bedding with ripples (≤10 cm 
spacing; ≤1 cm height), heterolithics resembling Tc to Te Bouma-sequences (Bouma, 
1962; Figure 9), soft sediment deformation, and mud draping. The bioturbation index 
ranges from 2-3 with medium trace variability. Dominant traces include small (1-5mm) 
Chondrites, Planolites, Thalassinoides, and Palaeophycus.  Rare Scaphites whitfieldi 
were observed (Plate 7). This subfacies is most common south of WCR-4. 
 
Facies 2c: Thinly bedded bioturbated siltstone and sandstone (F2c) 
Facies 2c is a light to dark gray siltstone and light gray to white silty sandstone 
(Figure 7,8) with grain size ranging from silt to lower fine sand. Thin section analysis 
indicates a high sand/silt ratio and abundant sediment mixing due to bioturbation (Figure 
10). Sedimentary structures are rarely preserved due to high degree of bioturbation. The 
bioturbation index ranges from 4-5 with high trace variability. Traces include Chondrites, 
Planolites, Thalassinoides, Arenicolites, Terebellina, and Palaeophycus. Traces in this 
subfacies are larger (1-2 cm diameter) than in the previous subfacies (1-5 mm). Common 
occurrence of thin, discontinuous coaly beds (1-3 cm thick; 10-15 cm length) and less 
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common larger wood casts were observed. Rare Scaphites whitfieldi and Inoceramus 
(Plate 7) occur along with local shell hash  in the northern sections (TW-15 and TW-16). 
This subfacies is most common north of section WCR-3. 
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Figure 10: Thin section scans and photomicrographs. Upper left, example of Facies 4 (PPL 
photomicrograph left, XPL photomicrograph on right). Note the abundance of blue epoxy 
(representative of porosity) compared to facies 5 (right side). Upper right, example of Facies 5 (PPL 
photomicrograph left, XPL photomicrograph on right). Note the abundance of calcite cement (easily 
identified as calcite in XPL view) and lack of blue epoxy compared to Facies 4 (left). Bottom, 
example of Facies 2 (PPL photomicrograph top-right, XPL photomicrograph on bottom-right). Note 
the excess bioturbation in the three thin section billets (left side). Now note the corresponding 10x 
magnification view of the reworked muds/clays into the matrix (right side). 
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4.1.3 Facies 3 Hummocky cross-bedded sandstone (F3) 
Description (Figure 7,8, Appendix A, E) 
Facies 3 consists of a very fine to upper fine-grained reddish-tan to tan sandstone 
(Figure 7,8). Individual bed thickness ranges from 0.5-1 m with sharp, locally erosive, 
basal bed boundaries. Sedimentary structures include hummocky cross-stratification 
(HCS), swaley cross-stratification (SCS), subcritically- to critically- climbing ripples 
(Appendix E, plate 3), asymmetrical and symmetrical ripples (most commonly at bed 
boundaries), and scour and fill structures (smallest: 15 cm thick and 50 cm wide; largest: 
1.5 m thick and 5 m wide; Figure 11, 12). Hummocky cross-stratified sandstone beds are 
commonly amalgamated with spacing typically >1 m and a maximum laminae dip angle 
of <10°.  The bioturbation index ranges from 0-1 with low trace variability. Dominant 
traces include Ophiomorpha (very common) and Skolithos. Pebble-sized clasts include 
mud rip-up clasts (2-5 cm in length), chert pebbles (1-2 cm in diameter), woody organic 
fragments, and rare shark teeth, most commonly along the basal contact of scour and fill 
structures. Facies 3 is commonly interbedded with facies 5 and is most commonly 
observed between WCR-4 and TW-6. 
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Figure 11: These three photomosaics show architecture tracings along a dip oriented outcrop section. From top to bottom the photos show an uninterpreted outcrop section, the middle photo shows the interpreted outcrop section, and the top 
photo shows the interpretations without the outcrop in order to visualize the lines better. The thicker colored lines indicate forced regressive surface 1 (red) and sequence boundary 1 (yellow). The thinner lines indicate traced bed boundaries. The 
green traces show laterally continuous beds (facies 5), the purple traces indicate laterally discontinuous scour and fill structures (facies 3 & 4), the red lines indicate a laterally discontinuous trough cross-bedded sandstone and SCS (facies 6), and 
the yellow traces indicate the laterally discontinuous tidal dunes (facies 7 & 8). 
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Figure 12: Four pictures (A-D) showing the different architectural elements observed within the Wall Creek Member. A: The upper most 
picture is a photomosaic (~.1mi long) showing the overall pinch out of clinoforms from left to right (N-S). Lower photos are color coded 
outlined photos that are zoom in photos of the small colored boxes in the upper photomosaic. The picture without a colored border (bottom 
right) shows the pinch out of the clinoform further to the right off of the photomosaic. B: Shows the lateral continuity of the turbidites within 
facies 5 (meter stick for scale). C: Note the large, elongate, discontinuous, scour and fill structures that are commonly interbedded within 
facies 5 (Scale bottom left). D: Note the stacking and continuity (upper picture; scale in bottom right) and morphology (lower picture; black 
and white 15cm scale bar left-center) of tidal dunes.
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4.1.4 Facies 4 Low-angle planar cross-stratified sandstone (F4) 
Description (Figure 7,8, Appendix A, E) 
Facies 4 consists of a tan to reddish-tan very fine to upper fine-grained sandstone 
(Figure 7,8). Beds are medium- to thick-bedded (>1 m). Bulk XRD analysis indicates 
abundant quartz (~56%), feldspars (~27%), and dolomite (10%) with minor biotite (~2%) 
and clay minerals (~4%) (XRD wt %, Appendix A). Sedimentary structures include 
planar lamination and mainly low angle planar cross-bedding, and asymmetrical and 
symmetrical ripples. The bioturbation index ranges from 0-1 with low trace variability. 
Ophiomorpha and Skolithos dominate. Basal bed boundaries are sharp and undulatory 
with abundant mud rip-up clasts up to 15 cm long, chert pebbles (<3 cm diameter) and 
rare shark teeth concentrated along the basal bed boundary. This facies is often 
interbedded with facies 5 and is most common in the central and north central part of the 
study area. North of WCR-3, facies 4 is only observed in TW-13; to the south of WCR-3, 
the facies is present but it becomes gradually less abundant. 
 
4.1.5 Facies 5 Thinly interbedded sandstone and siltstone (F5) 
Description (Figure 7,8, Appendix A, E) 
Facies 5a: Planar laminated sandstone with interbedded siltstone   
Facies 5 consists of light tan to reddish-tan very-fine to upper fine-grained 
sandstone interbedded with gray siltstone (Figure 7,8). Bulk XRD data shows an overall 
dominance of quartz (~67%) and feldspars (~24%) with minor calcite, biotite, clay, 
localized siderite and hematite, and traces of pyrite and fluorapatite (XRD wt %, 
Appendix A).  Sandstone beds are 8-12 cm thick and laterally continuous (>500m; Figure 
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11, 12). Interbedded mudstone units are 1-2 cm thick. Sedimentary structures in the 
sandstone include planar and ripple lamination, combined flow ripples, Tb to Tc Bouma-
sequences (Bouma, 1962; Figure 9), and load/groove/flute casts along bedding soles. The 
bioturbation index varies from 2-3 with high trace variability. Common traces include 
Arenicolites, Skolithos, Ophiomorpha, and Planolites, less common traces include 
Conichnus, Thalassinoides, Palaeophycus, and Teredolites. Bioturbation is most common 
in the thin interbedded muds, where Planolites and Arenicolites dominate. Arenicolites 
burrows commonly pass vertically downward through the mud into the underlying 
sandstone bed. Large fragments of petrified wood (≤50 cm in length and 20 cm diameter) 
were observed in the WCR area (WCR-3 to TW-2). To the south of the WCR area the 
largest fragments do not exceed 5-10 cm in diameter. Shark teeth, chert pebbles (≤3 cm 
diameter), shell fragments, and Inoceramus (Plate 7), were observed within and at the 
base of beds. The ammonite Prionocyclus germari (Plate 7) was rarely observed.  Facies 
5a is most common in the north central part of the study area (between section WCR-3 
and TW-10). 
Facies 5b: Bioturbated sandstone with interbedded siltstone (F5b) 
Facies 5b is similar to facies 5a, but is heavily bioturbated (Figure 7,8). The 
bioturbation index ranges from 4-5 with high trace variability. Traces observed include 
Thalassinoides, Arenicolites, Skolithos, Planolites, and Palaeophycus with less common 
Conichnus, Teredolites, and Chondrites.  Teredolites and woody debris abundance is 
common. Shark teeth and chert pebbles (≤3 cm diameter), shell fragments, and 
Inoceramus individuals (Plate 7), are rare but present. This facies is most common south 
of TW-10. 
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4.1.6 Facies 6: Fine-grained heterolithic cross-bedded sandstone (F6) 
Description (Figure 7,8, Appendix A, E) 
Facies 6a: Heterolithic planar cross-bedded sandstone (F6a) 
Facies 6a consists of a tan, reddish, and brownish upper fine-grained sandstone 
(Figure 7,8). The facies is composed of quartz (~56%), feldspars (~26%), biotite (~7%), 
clays (~9%), with traces of carbonates, hematite, and pyrite (XRD wt %, Appendix A).  
Facies 6a is largely composed of planar cross-bedded sandstone (Figure 7,8) with bed 
thicknesses <30 cm. Trough cross-bedded sandstones are observed locally near TW-6. 
Mud rip-up clasts are abundant and range in length from 1-5 cm. Facies 6a is common 
between TW-1 and TW-12. The bioturbation index ranges from 0-1 with medium trace 
variability. Traces observed include Skolithos, Palaeophycus, and Arenicolites.  Skolithos 
and Arenicolites, the most common traces, typically occur in the upper part of individual 
beds and appear to originate from the upper bed boundary. Rare Inoceramus individuals 
along with bivalve shell fragments and casts occur locally. 
Facies 6b: Heterolithic trough cross-bedded sandstone (F6b) 
Facie 6b contains trough cross-beds with mud draped foresets, and mud rip-up 
clasts that range in length from 1-10 cm (Figure 7,8). Trough height and bed height are 
synonymous and range from 30 cm to 50 cm. Facies 6b is common between WCR-3 and 
TW-6 (Figure 11). 
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4.1.7 Facies 7 Medium grained heterolithic trough cross-bedded sandstone 
(F7) 
Description (Figure 7,8, Appendix A, E) 
Facies 7 consists of a tan, reddish, brownish, and grayish lower medium-grained 
sandstone (Figure 7,8). The facies is largely composed of quartz (40-67%), and feldspars 
(15-28%).  Locally calcite (0-40%), clay (0-18%), biotite (~3%), and trace amounts of 
pyrite and hematite are present (XRD wt %, Appendix A). Sandstone bed thickness 
ranges from 20-100 cm and interbedded mudstone beds range from 1-10 cm thick. 
Sedimentary structures include trough cross-beds, ripples, convoluted beds, mud rip-up 
clasts (≤15 cm long ≤ 2 cm thick) and abundant mud drapes. Trough cross-beds are by far 
the dominant sedimentary structure that have sharp/undulating basal contacts, are 
laterally discontinuous, locally contain reactivation surfaces (Plate 6), and interlaminated 
muds along the trough cross-bed foresets. Trough cross-beds tend to stack in a shingled 
pattern as they migrate (Figure 11, 12). It is possible that the interlaminated muds along 
the foresets could be tidal bundles, but the cycles were not counted and can only be 
speculated as tidal bundles. Bioturbation index ranges from 0-2 with trace variability 
ranging from low to high within individual beds. Traces observed include Monocraterion, 
Skolithos, Ophiomorpha, Rossellia, Chondrites (dominant in trough bottom-sets), 
Palaeophycus, and Arenicolites. Rare bivalve shell fragments, bivalve casts, and 
Inoceramus individuals (Plate 7) are present. Calcite concretions are common (~1-4 m 
length, ~1-2 m thick, ~1-2 m wide).  Facies 7 is common throughout the study area in the 
upper part of the Wall Creek Member. 
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4.1.8 Facies 8 Trough cross-bedded sandstone (F8) 
Description (Figure 7,8, Appendix A, E) 
Facies 8 consists of a tan, reddish, brownish, and grayish medium to lower coarse-
grained sandstone (Figure 7,8). It is largely composed of quartz (~59%) and feldspars 
(~27%), with minor clay (~7%), dolomite (~2%), fluorapatite (~2%), biotite (~2%), and 
traces of pyrite (XRD wt %, Appendix A). Bed thickness ranges from 20-100 cm. 
Sedimentary structures include trough cross-beds (average 30-50 cm thick; Figure 12) 
and ripples (~10 cm spacing and ~1 cm height). Bioturbation index ranges from 0-2 with 
medium trace variability. Traces observed include Palaeophycus, Skolithos, and 
Arenicolites. Rare bivalve shell fragments and Inoceramus individuals were observed 
(Plate 7). Concretions within facies 8 are dolomite rich.  In contrast to facies 7, facies 8 
contains less muddy interbeds and most sandstone beds are highly amalgamated. 
 
4.2 Facies Associations 
 Groups of attributes of individual facies, such as sedimentary structures, 
lithology, and ichnofauna, are distinctive of different depositional environments (Walker 
and James, 1992). The eight facies described above are placed into four facies 
associations (FA), described below.  
4.2.1 Facies association 1 (FA1):  Prodelta (Figure 13) 
  Description 
 Facies association (FA1) is dominated by mudstone and siltstone with interbedded 
lenticular- to wavy-bedded very fine to lower fine sandstone belonging mainly to facies 
1, 2, and 5 (Figure 13).  Bioturbation is dominated by a Cruziana trace assemblage 
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(Thalassinoides, Planolites, Chondrites, and Terebellina) with localized Arenicolites 
observed in areas with higher sand content. Near TTT Road Section 1, FA1 consists of a 
highly bioturbated and mixed sandstone and mudstone with large (1-2 cm) Planolites and 
Arenicolites traces. South of TTT Road Section 1 towards TW-12, sand content and 
bioturbation both decrease. In addition, trace fossils change from centimeter scale (1-2 
cm) Planolites and Arenicolites to millimeter scale (3-5 mm) Planolites and Chondrites 
from TTT Road Section 1 to TW-12. 
  Interpretation 
 These facies are interpreted to have been deposited within a prodelta environment 
between fair-weather and storm wave base (Coates and MacEachern, 1999). The overall 
thick deposition of mud and the thinly bedded Tc-Te Bouma sequences, interpreted as 
distal turbidite deposits, within FA1 indicates episodic periods of sedimentation and then 
large periods of quiescence. Localized convoluted bedding (F2a) and pinch and swell 
structures (F2) (Boggs, 2012) commonly are associated with these turbidites further 
suggesting episodic high rates of deposition. These high depositional rates are interpreted 
to reflect storm or fluvial influences within the prodelta. The observed transition from a 
high sand/silt ratio to a low sand/silt ratio southward, and the corresponding decrease in 
trace fossil size is consistent with a prodelta interpretation in which more distal positions 
were characterized less frequent sand-delivery and occasional dysoxia. 
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Figure 13: Idealized block model of the depositional environments observed in the WCM. The 
colored circles represent the facies; the colored areas the different facies associations. The two delta 
types (wave/storm and tidal) present in the WCM are separated in this block model, although they are 
stratigraphically stacked in the study area.  
4.2.2 Facies association 2 (FA2): Distal Delta Front (Figure 13) 
Description 
Facies association (FA2) consists of facies 3, 4, and 5 (Figure 13). These facies 
are dominated by very fine to upper fine-grained sandstone interbedded with mudstone. 
FA2 is only observed south of WCR-3 and locally at TTT Road Section 1. F5 is the most 
abundant facies within FA2 and is commonly interbedded with F3 and F4. Between 
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WCR-3 and TW-6, F3 and F4 are most abundant facies belonging to FA2. South of TW-6 
F3 and F4 pinch out, and FA2 is only represented by F5. Bioturbation within FA2 varies 
across the study area, but generally increases towards the south from WCR-3 to TW-12. 
Trace assemblage gradually changes from a dominantly Skolithos assemblage near WCR-
1, to a dominantly Cruziana assemblage south of WCR-1.   
Interpretation 
FA2is interpreted to represent a distal delta front environment slightly below fair 
weather wave base. Locally, Tb-Td elements of a classic Bouma sequence are observed 
(Figure 9) and are interpreted to be storm induced turbidites that are the proximal 
equivalent of the more distal turbidites observed in FA1. Combined flow ripples on the 
tops of turbidites in FA2 are interpreted to be formed by waning oscillatory flows 
following gravity flow deposition. Chert pebbles (≤3 cm diameter) commonly occurring 
in the middle of these very fine to fine grained sandstone beds (F5) are interpreted to 
have been entrained in the gravity flow deposit and their settling restricted by rheologic 
variations in the flow (e.g., Benton and Gray, 1981; Postma et. al., 1988; Mulder and 
Alexander, 2001). In addition to floating chert pebbles, the gravity flow deposits contain 
significant terrestrial organic debris, suggesting that the sediment had a fluvial source 
(Bhattacharya and MacEachern, 2009; Olariu et. al., 2010). In addition, some beds 
exhibit a slight alternation of the Tb and Tc sequence suggesting possible flow 
fluctuations attributed to hyperpycnal flows. While these hyperpycnal traits are 
uncommon in the HST2 deposits the sedimentary structures along with the woody debris 
indicate some sort of fluvial influence. Oscillatory ripples on the bedding planes and 
abundant HCS/SCS occurring in close lateral proximity to the deposits suggests that the 
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overall system is wave dominated, but the basic sedimentary structures suggest a mix of 
storm/wave and fluvially generated turbidites.  
4.2.3 Facies association 3 (FA3): Middle Delta Front (Figure 13) 
Description 
FA3 consists of facies 4 and 6 (Figure 13). These facies are dominated by upper 
fine-grained sandstone with cross-bedding and planar lamination. Within many sandstone 
beds associated with FA3, planar lamination passes upward into subcritically- to 
critically-climbing unidirectional flow ripples. Commonly the facies within this facies 
association are observed within large erosional scours. Stratigraphically, FA3 is 
commonly interbedded with FA2, especially from WCR-3 to TW-2. Between TW-2 and 
TW-7 FA3 is less abundant, and south of TW-7 FA3 is only observed at the very base of 
Wall Creek Member sandstone.  Throughout the field area, FA3 is characterized by low 
bioturbation and low trace variability. 
Interpretation 
FA3 is interpreted to represent a lower to middle delta front environment. The 
abundant trough cross-bedding, low-angle cross-bedding, planar lamination, and mud rip-
ups indicate an overall higher energy flow regime than inferred for FA1 and FA2. The 
proximity of HCS, commonly present as part of FA2 both above and below FA3, suggests 
that these trough cross-beds are not upper delta front deposits (e.g., Dumas and Arnott, 
2006), but rather were deposited in a middle delta front environment. The close proximity 
of the HCS suggests that the trough cross-bedding structures and their dune like 
morphology were frequently reworked into anisotropic SCS by unidirectional currents 
associated with relaxation/geostrophic flow during a waning storm (Figure 14). The 
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common transition from planar stratified sandstone to current-rippled sandstone is 
consistent with this interpretation. In addition, large storm scour units associated with 
SCS, the low bioturbation index, low trace variability, presence of a Skolithos assemblage 
characteristic of FA3 suggests a generally high energy environment. 
 
 
Figure 14: Cross-section model showing the shore face position in which different sedimentary 
structures form during fair-weather (black) and storm conditions (red). Modified from Dumas and 
Arnott, 2006. The top of the figure indicates the facies succession during storm conditions (red lines) 
as offshore oriented bottom rip-currents move sediment basinward and during fair-weather conditions 
(black lines) as wave energy moves sediment in a shoreward direction. The coloration of the 
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sedimentary structures below the shoreline profile corresponds to the facies scheme (Facies 6, red; 
facies 4, purple; facies 5, green) (Figure 5, 7). The bottom part of the figure indicates orbital velocity, 
rip-current strength, suspended sediment loads, and preservation potential between storm (red) and 
fair-weather (black) conditions. Note how storm conditions have a higher magnitude of energy and 
movement potential. 
4.2.4 Facies association 4 (FA4):  Shoals/Tidal Bars (Figure 13) 
Description 
FA4 consists of facies 7 and 8 (Figure 13). These facies are dominated by 
medium-grained trough cross-bedded sandstone. Coarsening upward cycles varying from 
2-5 m in thickness, 10-20 m in length (parallel to paleoflow), and 30-50 m in width 
(perpendicular to paleoflow), typically consist of a F7 to F8 stacking pattern, with some 
coarsening upward cycles consisting of only F7 (Figure 15). Typically, the base of each 
cycles (bottom-sets/toe-sets) is mud-rich, the middle of the cycle (lee face) contains 
thicker sand beds with thicker interbedded muds, and the tops of the cycles (crests) 
contains little to no mud (Figure 15). Laterally, these cycles are shingled stratigraphically 
and spatially, bioturbation in F7 and F8 is low throughout the entire area, but retains a 
high variability. 
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Figure 15: Top: Pictures of bottom-sets (A; black and white 15cm scale bar left-center), lee face (B), 
dune crests (C), and ripple topped dune crests (D; meter stick scale bar with 10cm tick marks) from 
outcrop. Bottom: Cross-section illustration of a typical tidal dune (Modified from Fustic et al., 2014) 
with A-D outcrops pictures correlated to their associated position on the idealized diagram. Note how 
the scale of the features increase from A to D 
Interpretation 
Facies 7 and 8 are interpreted to be tidal dunes and compound dunes (Figure 15) 
(Fustic et. al., 2014). The high mud content associated with reactivation surfaces and 
interlaminated mud along the foresets, outlined in the description of F7, and the 
width/length ratio >1 are consistent with a tidal dune interpretation (Olariu et. al., 2012). 
The apparent lack of significant bidirectionality within these dunes is interpreted to be the 
result of a dominant ebb tidal current direction and the influence of storm-generated 
offshore directed rip-currents enhancing the ebb current direction and degrading the flood 
current forces (Slingerland and Keen, 1999; Dumas and Arnott, 2006; Olariu et. al., 
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2012).  The dominance of vertically oriented traces suggestive of a high-energy 
environment, coupled with fluctuating intervals of high diversity of traces indicates 
conditions of an embayment environment with varying conditions, i.e., salinity and 
temperature. 
5 SEQUENCE STRATIGRAPHY 
5.1 Sequences in the Frontier 
Sequence stratigraphy breaks stratigraphic intervals into genetically related, 
contemporaneous sedimentary packages, or sequences, that are separated by regionally 
observable surfaces (Catuneanu, 2006). The use of these sequences enable us to dissect 
and visualize larger stratigraphic packages and architectural evolution of basins over 
different time scales. The hierarchy of time is broken into cycles which range from first-
order cycles to fourth and fifth-order cycles. First (200-400 m.y.), second-order (10-100 
m.y.), and third-order (1-10 m.y.) cycles occur on the longest time ranges and represent 
global changes ranging from the formation or break-up of super continents (1st-order) to 
continental scale mantle thermal processes, regional plate kinematics, and climate cycles 
(2nd and 3rd-order) (Miall, 2010). On the smaller time scale, there are short term, high 
frequency fourth and fifth-order cycles (.01-1 m.y.). These short-term cycles can also be 
preserved globally and are typically attributed to processes such as orbital forcing and 
glacioeustacy (Miall, 2010). Stratigraphic sequences described in this thesis are 
interpreted as third-order to fourth-order eustatic cycles in an overall second-order 
tectono-eustatic highstand and are classified using the Exxon sequence stratigraphic 
model (Hunt and Tucker, 1992; Plint and Nummendal, 2000; Catuneanu, 2006). 
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The Frontier Formation records a series of transgressive and regressive cycles that 
resulted in the deposition of the three sandstone members (Belle Fourche, Emigrant Gap, 
and Wall Creek) during an interpreted second-order tectono-eustatic highstand (Vakarelov 
and Bhattacharya, 2009). Each of these members coarsen upward and represent third-
order sequences with variations in the relative importance of eustatic and tectonic 
controls. For example, the lower Belle Fourche stacking patterns conform well to global 
eustatic curves, but the upper Belle Fourche is more influenced by foreland thrust loading 
and basin down-warping (Vakarelov and Bhattacharya, 2009).  The unconformity 
between the Belle Fourche and the Emigrant Gap member is associated with abundant 
conglomerate and is interpreted to be a tectonically-influenced sequence boundary 
(Merewether, 1996). In contrast, the unconformity between the Emigrant Gap and the 
Wall Creek Member coincides with the major third-order eustatic sea-level fall at 90Ma, 
suggesting that this unconformity was driven more by eustatic change (Merewether et. 
al., 1979; Winn 1991; Merewether, 1996). 
5.2 Systems Tracts of the Wall Creek 
Three incomplete fourth-order sequences are identified in the Wall Creek 
Member. These sequences are composed of 6 major systems tracts (Hunt and Tucker, 
1992; Plint and Nummendal, 2000; Catuneanu, 2006) (Figure 1, 17, 18). Sequence 1 
forms the lower part of the Wall Creek member. It contains parts of a Transgressive 
Systems Tract (TST1), a Highstand Systems Tract (HST1), and a Falling Stage Systems 
Tract 1 (FSST1). This lower sequence is overlain by Sequence 2 which encompasses the 
middle part of the Wall Creek strata. It contains a Transgressive Systems Tract (TST2), 
and a Highstand Systems Tract (HST2). The third sequence is only partially represented 
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by a Lowstand Systems Tract (LST1) in the upper part of the Wall Creek sandstone. The 
shale overlaying the LST1 in the area is interpreted to represent the back-stepping of the 
system and the onset of the subsequent TST following LST1.  
 
5.2.1 Transgressive Systems Tract 1 (TST1) 
 This systems tract is largely covered, but where present, it is dominated by FA1. 
Facies stacking patterns show a thick accumulation of F1 (~2.5 m) overlying F2, 
exhibiting an overall decrease in sand and an increase of mud (Figure 16, 17). The thick 
accumulation of F1 and its fine-grained character indicates that mud deposition occurred 
in a distal depositional setting.  The retrogradational facies stacking from F2 to F1 
indicates an overall deepening in the basin and is interpreted as a transgressive systems 
tract (TST1).   
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Figure 16: Cross-section of sequence stratigraphic framework with colored transparencies indicating each systems tract and the cross-section hung on FRS1. The top picture illustrates a depositional dip view across the 
field area (A-A’; See map on bottom right). The bottom picture illustrates a depositional strike view across the field area (B-A; See map on bottom right). Note the incision of SB1 in both strike and dip views. 
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Figure 17: This figure shows the correlations between surface spectral gamma ray data (right) and subsurface well logs (left; Well taken from Waldo Lynch- Aquitaine Oil Company, No. 1 Federal). The logs on the left 
include a caliper (4-14” scale) and gamma ray (0-200, 200-400 back-up scale) on the left track and 18” resistivity/amplified 18” resistivity (0-50, 50-500 back-up scale) and induction resistivity (0-50, 50-500 back-up 
scale) on the right track (label arrows at the bottom pointing to corresponding curve trace). Note the sharp change in gamma ray and resistivity at FRS1, the general aggradational pattern between FRS1 and SB1 and then 
the general progradational pattern above the SB1 (easiest to see on the gamma ray track (left)). 
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Figure 18: These five outcrop photos (A-E) show the major surfaces observed in the Wall Creek Member. A: a wide zoomed out view of the surfaces and surface continuity across large distances. Note: all colors used in photo A correspond 
to photos B-E B: shows the proxy for maximum flooding surface 1 (purple) and forced regressive surface 1 (dashed red). Note the sharp contact along the forced regressive surface. C: shows forced regressive surface 1 (red) separating HST1 
and HST2 D: shows forced regressive surface 1 (red) wave ravinement surface 1 (green), and maximum flooding surface 2 (blue). This photo shows how, locally, there are 2 extra system tracts between HST1 and HST2. Both photos C and D 
illustrate how all three surfaces are not always present and locally amalgamate together. E: shows sequence boundary 1 (yellow). Note the change in architecture above (discontinuous beds) and below (continuous beds) the surface. 
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Figure 19: This figure shows three rose diagrams illustrating paleoflow measurements for the major systems tracts. The red rose diagram represents the FSST/TST with the easterly flow indicating the FSST and the 
southerly flow indicating the TST (bin size 0-8). The green rose diagram shows the dominant southeasterly flow of HST2 (bin size 0-16). The orange rose diagram shows the dominant south-southeasterly paleoflow of 
LST1 (bin size 0-40). 
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Figure 20: Isopach maps (A-C) illustrating the thickness of the major systems tracts. The warmer colors (reds-yellows) indicate thicker accumulations and the cooler colors (blues-pinks) indicate thinner accumulations. The red dots indicate 
well logs and the yellow dots indicate outcrop measurements. Some dots are labeled as a spatial reference to the area (see figure 2 for all well/outcrop labels). A: FSST/TST (scale 0-8 feet) with one zoomed out isopach (left) and three 
zoomed in isopachs (3 photos to the right). Note the isolated nature of the sediment accumulation along the outcrops. The thin nature of this unit leads to uncertainty on log resolution. B: HST2 (scale 0-36 feet) indicating two areas of thick 
accumulation (middle isopach) and two areas of little to no preservation. Thin areas are interpreted to have been scoured out by the overlying sequence boundary (right isopach). C: LST1 (scale 21-78) shows four areas of thick accumulation 
(middle isopach) and three areas of thin accumulation. The thick accumulations are interpreted as tidal bars/shoals (right isopach) and is used as the basis for the paleogeographic reconstructions that will be explained later (figure 23). 
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5.2.2 Highstand Systems Tact 1 (HST1) 
 The base of the first highstand systems tract is marked by an abrupt shift of facies 
from F1 to F2 (Figure 16, 18). This systems tract exhibits a series of sub-meter scale 
coarsening upward depositional cycles that are well exposed in TW-4, 7, and 13 (Figure 
18), but are covered in most other sections. F1 is less common in the younger cycles, 
which are entirely composed of F2 with F2a stacked on top of F2b. This up-section 
increase in sand is interpreted to reflect a basinward progradation of the depositional 
system. Progradational and aggradational facies stacking and accompanied trends in 
spectral GR are consistent with the interpretation of a highstand systems tract in 
suggesting that sediment supply varied through time but was equal to or slightly greater 
than the rate of base level rise and subsidence, (Figure 17; Catuneanu, 2006). 
5.2.3 Falling Stage Systems Tract 1 (FSST1) 
 FSST1 overlies HST1 and crops out locally south of TW-1. An abrupt change 
from FA1 to FA3 marks the boundary between the two systems tracts, and is expressed in 
outcrop by the abrupt change from the silt dominant FA1 to the sand dominant FA3. The 
sharp change in facies and the abrupt coarsening in grain size is interpreted to represent a 
forced regressive surface (FRS1) (Figure 18). FSST1 contains an abundance of sub-
critical to critically-climbing unidirectional ripples indicating very high initial 
sedimentation rates (Ashley et. al., 1982). Easterly paleoflow measurements from the 
trough cross-beds (F6) at the base of FSST1 indicates basinward progradation direction 
(Figure 19). Thickness distribution trends of FSST1 from isopach maps and individual 
measured sections indicate an overall thinning from the thickest section at TW-5 (0.6m) 
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towards the south (TW-12) (Figure 20). The top of FSST1 is marked by an abrupt 
transition to the overlying TST2 and is interpreted to be a wave-ravinement surface. 
5.2.4 Transgressive Systems Tract 2 (TST2) 
TST2 overlies FSST1 and crops out locally south of TW-1 where the two systems tracts 
are separated by a wave ravinement surface (WRS1). The transition from FSST1 to TST2 
is retrogradational and is characterized by a change from FA2 to FA3 (Figure 18). In 
addition, a change in paleoflow from east to south occurs across the transition (Figure 
19). Regionally, the facies stacking patterns observed across this transition vary. Between 
TW-5 and TW-6 F3 overlies F6. At TW-7 and between WCR-2 and TW-12, only F6 is 
present, and between TW-8 and TW-10, F4 overlies F6. TST2 thins towards the south 
from a maximum of 1.2 m at TW-5 (1.2 m) to a minimum of 0.3 m at TW-12 (Figure 16, 
20). 
5.2.5 Highstand Systems Tract 2 (HST2) 
HST2 is marked by the shift from FA1 to FA2 north of TW-5 and the shift from 
FA3 to FA2 south of TW-1 (Figure 18). The HST2 consists of a series of stacked 
thickening upward cycles that typically also show an increase in grain size from lower 
fine-grained to upper fine-grained sandstone.  A maximum of five cycles were observed 
in the WCR area (WCR-3 to TW-2), and a minimum of two cycles was observed at the 
TW-12 section. HST2 in the more northerly sections is characterized by abundant F5 and 
F6, whereas HST2in the southern part of the field area is dominated by F3 and F4. These 
observations are consistent with an overall deepening to the south-southeast. Along this 
deepening trend within HST2, laterally continuous beds of F5 ultimately thin and pinch 
out (Figure 16) at very low dip angles (~0.2 degrees) (Figure 12). This stratal thinning 
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and pinch-out to the south, confirmed by walking out the outcrop, is interpreted to reflect 
the presence of basinward-dipping clinoforms. Paleoflow measurements (n=141) within 
HST2 are directed to the south, consistent with this interpretation (Figure 19).   
The coarsening-upward facies observed within HST2 is consistent with the 
overall decrease in GR API through this systems tract (Figure 17). Local deviations from 
this overall 'cleaning-upward' trend in GR are attributed to the local presence of organic 
matter containing higher concentration of Uranium. 
5.2.6 Lowstand Systems Tract 1 (LST1) 
LST1 is marked by an abrupt shift from FA2 and FA3 to the most proximal facies 
association FA4 (Figure 18). Sandstone facies F7 and F8 contain the largest bedforms and 
the coarsest grained sediments (medium-coarse) observed in the study area. Paleoflow 
indicators measured in this systems tract (n=559) are largely to the south and southeast, 
although considerable scatter is present (Figure 19). Isopach maps of LST1 suggest the 
presence of depositional features that are elongated along paleoflow direction (Figure 
20). These elongate features are interpreted to be tidal dunes stacking into larger scale 
tidal bars and will be discussed in the depositional processes chapter.
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5.3 Surfaces 
Based on observed facies stacking patterns and overlying/underlying stratal 
geometries, I interpret the presence of five distinct sequence stratigraphic surfaces within 
the Wall Creek Member (Figure 18). Surface terminology and stratal geometry 
definitions are adapted from Van Wagoner (1988); Catuneanu et.al., (2009, 2011). From 
the base up, the surfaces are Maximum Flooding Surface 1(MFS1), Forced Regressive 
Surface 1 (FRS1), Wave Ravinement Surface 1 (WRS1), Maximum Flooding Surface 2 
(MFS2), and Sequence Boundary 1(SB1). 
5.3.1 Maximum Flooding Surface 1 (MFS1) 
This regional surface is observed as a very sharp contact between TST1 and 
overlying HST1 (Figure 18). Overlying beds downlap onto the surface. Underlying stratal 
geometries cannot be determined due to limited lateral exposure. 
5.3.2 Forced Regressive Surface (FRS1) 
This regional surface is observed as a sharp contact between HST1 and FSST1 in 
the southern portion of the field area (Figure 11).  In the northern portion, FSST1 is 
missing, and FRS1 is expressed as a contact between HST1 and HST2. (Figure 18). 
Clinoformal geometries in both FSST1 and HST2 downlap the FRS1. Beds in the HST1 
appear to be parallel to the FRS1 and not truncated, but a very low angle truncation 
cannot be ruled out. 
5.3.3 Wave Ravinement Surface 1 (WRS1) 
This surface is observed as a sharp contact between FSST1 and the overlying 
TST2. WRS1is present at TW-5 and further south. North of TW-5, WRS1 is amalgamated 
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with FRS1 (Figure 16, 18). Below WRS1, beds are erosionally truncated. TST beds 
above the surface onlap it. WRS1 represents the furthest basinward shoreline position 
before the onset of transgression, and therefore it could alternatively be interpreted as a 
sequence boundary. 
5.3.4 Maximum Flooding Surface 2 (MFS2) 
MFS2 is a sharp undulatory contact underlain by TST2 and overlain by HST2 and 
is locally present at and south of TW-5 and at WCR-1(Figure 16, 17). North of TW-5, this 
surface amalgamates with FRS1 except for a small exposure at WCR-1 where TST2 is 
preserved. Overlying beds downlap onto MFS2, whereas underlying beds display coastal 
onlap. 
5.3.5 Sequence Boundary (SB1) 
This surface is regionally correlative and marks the undulatory contact between 
HST2 and the overlying LST1(Figure 11, 19). SB1 displays varying degrees of erosion 
into the underlying HST2. The most noticeable downcutting is between TTT Road 
section 1 and WCR-3, where 9 m (~30 ft) of erosional relief are present along SB1 
(Figure 16). This downcutting also has resulted in localized amalgamation of SB1 and 
FRS1 between TW-15 and TW-14. Beds of the overlying LST onlap onto SB1.   
 
6. DISCUSSION 
  6.1 Depositional Processes and Controlling Mechanisms 
Data and interpretations from the facies analysis presented above indicate that the 
WCM of the Frontier Formation was deposited in a deltaic setting with influences from 
tides, waves, fluvial and storms. Regionally, paleoflow indicators along the western part 
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of the KWIS are dominantly to the south-southeast. Slingerland et. al., (1996) interpreted 
this observation to reflect large counter clockwise gyres resulting from large seasonal 
storms that frequented the seaway. The anticyclonic circulation associated with these 
storms drove southerly longshore currents along the western seaway margin and strong 
easterly bottom rip-currents (Figure 21; Slingerland et. al., 1996; Slingerland and Keen, 
1999;). The overall results from this study support the interpretations that storm-driven 
circulation was a major control on depositional processes, but also that shoreline 
morphology played a significant role. 
6.1.1 Wave/Storm Dominated Processes 
Several independent observations of the WCM suggest that storms and associated 
waves exerted a significant, if not dominant, control on the stratal architecture of the 
WCM. First, FSST1 is dominated by trough cross-bedded dune structures migrating in an 
easterly direction. In localized places these trough cross-bedded dunes are reworked into 
SCS.  Slingerland et. al. (1996) and Slingerland and Keen (1999) demonstrated that a 
strong correlation exists between proximity to shore line and the influence of shore 
perpendicular rip-currents during large storms (Figure 14). As such, I interpret that the 
trough cross-bedded dunes were pulled down the delta front by easterly-directed, storm-
generated, bottom rip-currents that resulted in the reworking of the trough cross-bedded 
dunes into SCS structures. 
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Figure 21: Maps showing the inferred oceanographic circulation patterns in the KWIS during the late 
Cretaceous. The top map shows counter-clockwise circulation patterns during large seasonal storms 
(from Slingerland and Keen, 1999), the bottom map shows the same counter-clockwise gyre 
circulation during fair weather (from Slingerland et al., 1996). 
Second, TST2 is dominated by storm deposits (HCS/SCS). Both XRD and thin 
section petrographic analysis indicate that this interval is a relatively well-sorted, low 
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mud/clay content, quartzose sandstone (Figure 10). The strong south-directed ripples, and 
the distribution of the TST deposits in outcrop suggests potential storm and wave 
reworking of these transgressive sediments. 
Additional evidence of storm-dominated deposition is observed in HST2, which is 
composed of interbedded turbidites and storm scour units as described in FA2 and FA3. 
The isopach map of HST2 shows two thick (>30 ft) elongate bodies with a thinner area 
in-between, most likely caused by SB1 eroding away the underlying sediments. (Figure 
16, 20). Outcrop observations (dominated on the left side of the map) indicate a higher 
amount of storm scour units towards the northwest. These storm scour units are typically 
comprised of SCS and HCS structures with more SCS around WCR-1 and more HCS as 
you transition towards the south-east along paleoflow (Figure 16, 19). In addition to the 
abundance of SCS and HCS the ichnofauna assemblages change accordingly with 
associated storm/wave energy structures. Towards the northwest, near WCR-1, Skolithos 
is the dominant trace assemblage, while towards the southeast the amount of Skolithos 
decrease proportionally with SCS/HCS and becomes more Cruziana dominant by the 
time the HCS deposits disappear. These observations suggest a linear trend of walking off 
of a delta front and seeing less wave energy. Since the primary features of the HST2 
include Bouma sequence turbidites and SCS/HCS I interpret this systems tract to be 
heavily storm/wave dominated.  
 
6.1.2 Tidal Dominated Processes 
The upper portion of the WCM (LST1) exhibits architectural elements suggestive of tidal 
dunes in that their width/length ratio exceeds one. The LST isopach map (Figure 20) shows 
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that the systems tract consists of multiple northwest-southeast trending elongate features that 
I interpret to be tidal bars with a width/length ratio less than one (Figure 22). 
 
Figure 22: Diagram of tidal bar vs tidal dune geometries, similar to the tidal architectures observed in 
the WCM. The maps (A) show the different orientation of these depositional features in relation to the 
tidal currents. (B) strike and dip cross-sections of these features (from Olariu et al., 2012).  
 
In addition, those areas where SB1 incises into the underlying delta front deposits 
coincide with the thinnest accumulations of LST1 (Figure 16, 20), suggesting erosion and 
low rates of deposition in tidal channels dominated these sites. Paleoflow indicator 
measurements within these tidal bars show a dominant, unidirectional, south-
southeasterly flow direction along with the more subtle presence of reactivation surfaces. 
I interpret these relations to reflect a dominantly ebb tidal current. The dominant NW-SE 
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orientation of these tidal bars is inferred to be influenced heavily by the incision of the 
underlying SB1. Once the sequence boundary has initially incised into the underlying 
delta front sediments, it left behind a preferential deposition pathway for these tidal bars 
to deposit in (Figure 20). 
 
 6.2 Paleogeographic Reconstructions 
Facies stacking and distribution were used along with paleoflow data to create 
paleogeographic reconstructions for each of the different systems tracts. Each 
reconstruction is described below (Figure 23). 
TST1 
As previously stated, TST1 is rarely exposed in the area (Figure 16) and therefore 
no paleogeographic map was created for this systems tract. However, it can be concluded 
that during deposition of TST1 base level was rising, producing an increase in 
accommodation and the deposition of F1. The shoreline is interpreted to be at its most 
landward position during deposition of TST1. 
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Figure 23: Idealized maps of the WCM delta evolution during the major systems tracts. For explanation see text.  
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HST1 
The paleogeographic interpretation of HST1 is also inhibited due to widespread 
cover of this interval. However, sand content, bioturbation index and trace fossil size, and 
the relative abundance of vertical trace fossils in the TTT Road Section 1 (Figure 23) 
suggest that the main sediment source to the basin was to the northwest of this location. 
During deposition of HST1 sediment influx began to exceed the amount of 
accommodation being generated, producing the upward-coarsening stacking patterns 
involving F1 and F2. 
 
FSST1 
Due to significant erosion, subsequent to deposition, the FSST1 contains scare 
data to derive a fully accurate paleogeographic reconstruction. The data that can be 
constrained from measured sections and the regional cross-sections (Figure 16, Appendix 
C) indicate that at one point the interpreted middle delta front prograded out to the area 
between TW-5 and TW-12 (Figure 23). In addition, the easterly paleoflow data indicates 
that the active sediment source was somewhere off to the west. Since TW-5 has the 
thickest accumulation of FSST1 deposits preserved I interpret the active sediment source 
to be directly west of TW-5, but, as mentioned above, due to lack of data it is hard to 
constrain the delta shape. I speculate on a few scenarios that would explain the lack of 
preserved FSST1 deposits north of TW-5. These include lower preservation potential due 
to higher topographic area, possible due to a protrusion in the shoreline to the north or 
lack of preservation due to initial non-deposition, i.e., TW-5 is right on the northern edge 
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of the delta. Overall, FSST1 represents the first major drop in base level where the 
system is rapidly prograding basinward. It is possible that some areas to the west 
experience a short period of subaerial exposure as base level shifted and the system 
adjusted to the position near TW-5. 
 TST2 
Just like FSST1, TST2 exposures are constrained to a very isolated area between 
TW-5 and TW-12 (Figure 16, 20). The main data driving this reconstruction is the 
assurance that the surface capping FSST1 is indeed a WRS1 indicative of mass erosion. 
This interpretation is evident in the isolated nature of the sediments, the change in 
paleoflow to the south, the onlapping relationships of WRS1 (possible SB) and the better 
sorted and compositional mature sediments, compared to the heterolithic immature 
FSST1 deposits below (Figure 23). With this assurance in the interpretation of the 
systems tract and surface the reconstruction shows a large eroded section that is drawn to 
the west of TW-5. Similar to speculations on FSST1, it is unsure whether the WRS-1 is 
present north of TW-5 or if it is an isolated surface from TW-5 to the south. Overall this 
reconstruction represents the quick transgression and erosion of the prograded FSST 
sediments below as base level quickly rises again.   
HST2 
The paleogeographic reconstruction of the HST1 is heavily based on facies 
stacking patterns, paleoflow data and changes in trace assemblage as stated in previous 
chapters (Figure 23). The sediment source for the system is interpreted to the northwest 
and is heavily driven by the overall pinch out of clinoforms to the southeast and the 
occurrence of the most proximal facies, lowest bioturbation, and Skolithos trace 
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assemblage to the northwest. Overall, during HST2 base level rise has slowed down to a 
rate where sediment supply can keep up or overtake the rate of increasing 
accommodation. This progradation can be observed in the facies stacking patterns (Figure 
16). 
LST1 
The final paleogeographic map representing the LST1 is heavily driven by facies 
interpretations of a tidal dominated system and isopach data to constrain tidal bar 
positions (Figure 23). As stated in the depositional processes chapter the cross-section 
views of the incision of SB-1 and the isopach map low accumulation areas correlate and 
are the basis for putting the tidal channels where they are. Overall during this time slice 
the paleoshoreline has shifted to its most basinward position where the system progrades 
a series of tidal bars out into the open marine section.  
 
 
6.3 Modern Analog 
The paleogeographic reconstructions previously discussed are driven by 
observations from facies analysis, stacking patterns, and architecture geometries. Some 
additional data from analogous modern depositional systems are used to help supplement 
these paleogeographic reconstructions and further support the interpretation for the WCM 
as a wave/storm and tidally influenced/dominated delta(s). 
6.3.1 Wave/Storm Delta Analog 
A well-studied modern-day storm/wave dominated delta system is the Colorado 
River delta and the Brazos River delta, both located in the northwestern Gulf of Mexico  
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Figure 24: This figure shows modern analogs used for the WCM. The top photo is from Rodriguez 
et. al., 2000, showing the Brazos wave dominated delta located within the Gulf of Mexico. The lower 
2 figures represent the tidal influenced delta system of the Fitzroy River (Brooke, et. al., 2006). 
 (Kanes, 1970; Rodriguez et. al., 2000; Figure 24). Facies for the marine realm of 
the Brazos River delta exhibit strong similarities to WCM facies F5. The Brazos shore 
face facies include interbedded sand and muds that can be highly bioturbated and can 
have scattered woody debris and shell fragments (Rodriguez et. al., 2000). The prodelta 
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and distal delta front deposits of the Brazos are very similar to FA1. The Brazos facies are 
dominated by muds and silts with very fine sand layers (Rodriguez et. al., 2000). The 
facies stacking patterns of the Brazos also show coarsening upward cycles (Rodriguez et. 
al., 1992). Within the Colorado River delta, the facies show strong similarities to FA2. 
The delta front sediments contain fragments of woody debris and shells just like in my F5 
(Kanes, 1970). The woody debris observed in the Colorado River delta is derived from 
upstream log jams from the fluvial source (Kanes, 1970). These upstream log jams could 
be the analogous source to the large logs seen deposited in the WCM’s delta front 
sediments. Other similarities include the abundance of scour and fill structures within 
delta front deposits of the Colorado River delta that are analogous to the features 
observed in my FA3 (Kaynes, 1970). The similarities in facies between the wave 
dominated Gulf of Mexico delta examples and the WCM indicates that at least some of 
the depositional processes within the WCM are analogous to modern day wave 
dominated deltas. 
6.3.2 Tidal Delta Analog  
The Fitzroy River, located in eastern Australia, is used as the best modern day 
analog to help constrain the spatial facies distribution of the tidal delta of LST1 (Figure 
24). Within the Keppel Bay, at the distal extent of the Fitzroy River, there are a series of 
tidal channels. These tidal channels show evidence of active tidal scouring and periods of 
infilling (Skene et. al., 2004; Brooke et. al., 2006). Vibracore facies studies of sediments 
currently infilling these channels show a dominance of medium-grained sands that stack 
into seabed dunes (Bostock et. al., 2006).  The similarities between channel morphology 
and congruencies of facies, bedforms, and grainsizes that infill these channels make the 
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Fitzroy system an excellent modern day analog for the tidal delta interpretation of the 
WCM.  The shallow marine environment and embayment morphology of the Fitzroy 
delta probably created closer oceanographic conditions to the KWIS. Paleoreconstruction 
maps of the KWIS during Frontier deposition commonly show a large protrusion of the 
shoreline/delta plain east towards the Casper area (Curry III, 1979; Bhattacharya and 
Willis, 2001; Bhattacharya and MacEachern, 2009; Kirschbaum and Mercier, 2013; 
Blakey, 2014). This protrusion would create an embayment morphology to the north, in 
the vicinity of the Tisdale Anticline, very similar to the Fitzroy river and would amplify 
tidal ranges, which would support the heavy tidal dominance of the WCM in the Tisdale 
Anticline. 
6.4 Sequence Stratigraphy: Eustasy vs. Tectonics 
When interpreting sequences and systems tracts it is important to recognize three 
main controlling mechanisms, sediment supply, eustasy, and tectonics. These three 
mechanisms indicate changes on different spatial and temporal scales. Sediment supply 
changes are recorded to affect the area on 5th order or higher cycles, eustatic influences 
will affect sequences throughout an entire basin on 3rd to 4th order cycles while tectonic 
influences will affect sequences locally within a basin on 2nd order or lower cycles. Since 
sediment supply is interpreted as a minor mechanism compared to eustasy and tectonics it 
will be briefly touched in the eustasy section below.  
6.4.1 Eustasy 
Facies analysis and stacking patterns show two regressive events for the WCM, 
with a transgressive interval between. These observed facies shifts and stacking patterns 
are described in detail in the facies and systems tracts sections. These observed 
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transgressive-regressive stacking cycles were compared to eustatic curves (Kirschbaum 
and Mercier, 2013; Haq, 2014) (Figure 1). Ammonite data, while limited (only 3 well 
preserved ammonites found), was used to constrain the WCM’s position on the sea level 
curve (Figure 1). Two genus of ammonites are identified within the area: 1) Scaphites 
whitfieldi, found within HST1, and 2) Prionocyclus germari (formerly known as 
Prionocyclus quadratus (Cobban, 2006)), found within LST1. According to studies by 
Cobban, 1990 and Cobban et. al. 2006 these two ammonites are commonly found within 
the WCM with the Scaphites whitfieldi common near the basal parts of the WCM and the 
Prionocyclus germari common in the upper sandstones of the WCM. Ammonite 
biostratigraphy places the WCM in a time interval between ~89 and ~90Ma (Merewether, 
1996; Cobban et. al, 2006). Sea level between 89-90 Ma shows an overall 3rd-order 
glacio-eustatic lowstand. Comparing sea level curves to my interpreted sequence 
stratigraphic framework (Figure 1) shows similarities between the large facies shift at 
FRS1 and eustatic fluctuations suggesting a large influence of eustatic change in the 
Tisdale Anticline. Since the Tisdale Anticline is a very localized area I compared my 
facies stacking patterns, coarsening upwards sequences, and general thickness of 
measured sections to regional well logs and another outcrop study in the Raptor Ridge 
area (15 km SW of the Tisdale Anticline) to look for differential erosion or consistent 
facies stacking patterns regionally. This extrapolation of my data into a more regional 
context indicated a strong correlation between facies stacking patterns, coarsening 
upward cycles and lack of differential erosion (Sadeque, 2006). This more regional 
correlation suggests that the transgressive-regressive cycles within the WCM were  
eustatically driven and driven by 4th-order Milankovitch cycles (eccentricity). Within the 
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eustatically driven 4th-order transgressive and regressive cycles are smaller cycles which 
are observed to be laterally variable, high frequency, coarsening/thickening upward 
cycles with changing paleoflow trends from east to south indicating individual 
progradational cycles (Well constrained in WCR-1 Type section; Figure 16). These 
smaller cycles are interpreted to be driven by sediment supply fluctuations in a low 
accommodation setting which results in delta lobe switching processes. These delta lobe 
switching processes within the WCM are interpreted to be on the 5th-order Milankovich 
cycles (tilt/precession) and are the smallest cycle observed in this work. Paleoshorelines 
are previously interpreted to be as far as 120 km to the west in the Bighorn Basin (Winn, 
1991). With shelf angles of the KWIS interpreted at very low angles (dips <1 degree in 
places (Winn, 1991)) and frequent sea level fluctuations on the order of 1-10m within <1 
m.y. frequencies (Miller et. al., 2003), it can be assumed that shorelines would frequently 
prograde far enough into the basin to deposit delta front sediments as far as the Tisdale 
Anticline locality. The observed facies association stacking of FA2/FA3 over FA1, 
interpreted to be a forced regression, support these assumptions of large eustatically 
driven shoreline trajectory shifts during the deposition of the Wall Creek Member. 
6.4.2 Tectonics 
The lack of differential erosion, irregular facies stacking, anomalous changes in 
grain sizes leaves the data inconclusive on whether or not tectonics had any control on 
deposition of the Wall Creek Member in the Tisdale Anticline. Qualitative thin section 
analysis shows that overall composition of these sediments does not change, as would be 
indicative of a provenance shift associated with major tectonics. I consider the possibility 
of tectonic influences due to the well documented observation of regional and localized 
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unconformities in the area (Eckelberg, 1958; Pipiringos and O’Sullivan, 1978) and the 
possibility of changes in dynamic topography (Heller and Liu, 2016). It is possible that 
the tectonic forcing in the KWIS during WCM deposition were lower order than the 
established fourth to fifth-order eustatic changes and were thus overprinted by eustasy. 
Some sources indicate that basin wide consistent unidirectional paleoflows indicate slight 
tectonic tilting in the area (Jennette and Jones, 1995), but without any other observable in 
the area this interpretation is only speculative. Since the Tisdale structure was subject to 
deformation during the thick-skinned Laramide Orogeny (Eckelberg, 1958) the 
possibility of early onset of the Laramide orogeny was considered. A majority of the 
literature on the Laramide Orogeny establishes the earliest onset at ~80 Ma during 
Campanian time (DeCelles, 2004; Leary et. al., 2015; Heller and Liu, 2016; Stevens et. 
al., 2016; Jackson et. al., 2016), but some recent studies of the Frontier Formation in the 
Uinta Mountains, Utah, propose that Laramide uplift started as early as 90 Ma (Hutsky, 
2015). All factors of possible tectonic influences from regional tilting, early Laramide 
deformation, migrating forbulge, and dynamic topography are acknowledged, but cannot 
be affirmed by my field observations.   
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7.  IMPLICATIONS FOR RESERVOIR CHARACTERIZATION IN THE 
SUBSURFACE 
The data presented in this paper reveals a complex facies distribution within the 
surface outcrops of the WCM.   Incomplete understanding of the spatial and stratigraphic 
distribution of these facies in the subsurface can result in poor well production. The 
results from this outcrop work allow to create a better geologic model for the subsurface 
that can account for the facies variability and helps with better well planning.   
Recent studies show a strong similarity between outcrop facies and subsurface facies 
derived from core (Hofmann et. al., 2014; Fluckiger et. al., 2015). These observations of 
analogous facies in the subsurface indicates that changes between tidal and wave 
depositional processes were fairly common throughout the overall deposition of the 
WCM. With this strong correlation between outcrop and subsurface facies I propose a 
few implications for reservoir characterization based on compartmentalization/ reservoir 
connectivity, changes in architectural element orientation, and reservoir quality. To better 
explain these implications, I present three main potential reservoir intervals 1. 
Transgressive Sands 2. HST2 Deposits 3. LST1 Deposits 
7.1 Transgressive Sands 
The transgressive sands reservoir is a very thin (up to 3ft thick) isolated sand body 
of TST2 between TW-5 and TW-12. Thin section and XRD data from F4 shows that this 
reservoir contains the highest observable porosity and low amounts of clays and 
carbonate cement, indicating a fairly clean reservoir with large holding capacity within 
the pore spaces (Figure 10, Appendix A). With such a good reservoir quality, these sands 
would be a preferential target to exploration and have proven to contain abundant 
73 
 
hydrocarbon reserves in similar type deposits world-wide (Posamentier, 2002) i.e., 
Indonesia’s northwest Java Province. The unidirectional southerly paleoflows for the 
transgressive sand reservoir represents longshore currents leading to the interpretation of 
these reservoirs being oriented parallel to the paleoshoreline. The transgressive sands in 
the Tisdale Anticline are very isolated indicating that they will not be established further 
basinward, but based on established eustatic control over tectonics there is a possibility of 
similar transgressive sands to be deposited in systems that may have been further 
basinward to the south at the time of the transgression. In essence these sands should not 
be considered when evaluating reservoirs to the east of the Tisdale, but they may possibly 
be present to the south and orientated parallel to paleoshoreline. 
 
7.2 HST2 Reservoir 
One of the best reservoir characteristics for HST2 is the lateral continuity and 
connectivity of the beds. These thin beds continue for 100’s of meters, locally 
amalgamate, and contain vertical traces in-between the beds that can possibly act as small 
flow conduits. These observations indicate a large highly connected reservoir network. It 
is speculated that, while the bioturbation does connect individual beds, there is a 
possibility that the high degree of bioturbation could seal up the reservoir by mixing clay 
into the sandstone pores. A source of concern within the HST2 reservoir is the abundance 
of terrestrial material within F5 that provides ample nucleation sites for calcite growth 
that could quickly cement up the reservoir (Pye et. al., 1990; Allison and Pye, 1994; 
McBride et. al., 2003). Core analysis of HST2 may exhibit intervals of great reservoir 
quality, e.g., clean laminations and little to no bioturbation. Outcrop observations indicate 
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that these higher reservoir quality intervals coincide with scour and fill structures, which 
are very discontinuous isolated features. These sands have been widely disregarded in 
drilling operations despite the high connectivity of the reservoirs. This is due to the high 
compaction rates, clay cementation, and the early quartz cementation of the reservoir 
(Kirschbaum and Roberts, 2005). 
7.3 LST1 Reservoir 
The LST1 is an extensive tidal reservoir that has some of the poorest qualities of 
the three reservoirs. These poor qualities include high clay contents indicated by 
abundance of mud rip-ups and mud drapes and supported by bulk XRD data, and laterally 
discontinuous beds with associated mud beds and drapes, indicating possible 
compartmentalization. Evaluation of heterolithic reservoir rocks from core is made 
difficult in the high uncertainty of mud bed extensiveness (Fustic et. al., 2014). As a 
result, the mud’s impact as a barrier or baffle for fluid flow is poorly understood. The 
extensive mud beds/drapes of the LST show high lateral extent in a strike direction and 
lower lateral extent in a dip direction with sporadic areas of sand amalgamation. This 
indicates that these LST deposits are not fully, but partially compartmentalized with mud 
beds/drapes acting more like baffles than full barriers. Even though this reservoir has 
high clay content it is assumed to be somewhat negligible due the factor of low 
bioturbation. The low bioturbation indicates that the mud has had little reworking into the 
sandstone pores and remains well stratified along foresets and bed boundaries, thus 
retaining permeability in the sandstones. This stratification of the muds will once again 
only act as baffles to flow in an overall clean, coarse grained sandstone. Despite all the 
poor qualities of this reservoir it has been the target of most wells into the Wall Creek 
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Member ranging from the 1900’s to present day (Wegemann, 1918; Fluckiger et. al. 
2015). Recent studies indicate that the prolonged productivity out of this interval can 
been attributed to the coarser grained nature and dissolution of late calcite cements within 
these tidal reservoirs (Kirschbaum and Roberts, 2005).   
 
8. CONCLUSION 
In conclusion, the WCM is a spatially and temporally dynamic system driven by 
eustatic and oceanographic changes.  Below is an accumulation of all the findings that 
allow for direct integrations of outcrop data into the subsurface to help better understand 
the reservoir characterization and improve extraction methods within the WCM 
sandstones. 
The WCM is comprised of 8 total facies (F1-F8): laminated mudstone (F1); 
interbedded siltstone and sandstone (F2); hummocky cross-bedded sandstone (F3); low 
angle cross-stratified sandstone (F4); thinly interbedded sandstone and siltstone (F5); 
heterolithic cross-bedded sandstone (F6); medium grained heterolithic trough cross-
bedded sandstone (F7); trough cross-bedded sandstone (F8) 
Four facies associations, indicating depositional environments, are interpreted: 
prodelta, distal delta front, middle delta front, and tidal bars/shoals. Prodelta (FA1) 
includes F1, F2, and F5 and are interpreted to be deposited by suspension settle out and 
gravity flow processes; distal delta front (FA2) includes F3, F4, and F5 and are 
interpreted to be deposited by gravity and oscillatory flow processes; middle delta front 
(FA3) includes F4 and F6 and is interpreted to be deposited by migrating hummocks and 
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swales and possible hyperpycnal flows; tidal bars/shoals (FA4) includes F7 and F8 and is 
interpreted to be deposited by migrating tidal dunes. 
The WCM is a major third order sequence comprised of three incomplete fourth-
order sequences. These fourth-order sequences are comprised of six major systems tracts 
and five major fourth-order sequence stratigraphic surfaces. Systems tracts are as stated, 
transgressive systems tract 1 (TST1), highstand systems tract 1 (HST1), falling stage 
systems tract 1 (FSST1), transgressive systems tract 2 (TST2), highstand systems tract 2 
(HST2), and lowstand systems tract 1 (LST1). Major sequence stratigraphic surfaces are 
as follows, maximum flooding surface 1 (MFS1), forced regressive surface 1 (FRS1), 
wave ravinement surface 1 (WRS1), maximum flooding surface 2 (MFS2), and sequence 
boundary 1 (SB1). 
The WCM is a mixed wave and tidal influenced deltaic system. Facies and facies 
associations indicate that WCM highstand systems tracts tend to be wave dominated 
deltas while lowstand and falling stage systems tracts tend to be more tidally dominated 
deltas (Figure 25).  
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Figure 25: Paleogeographic maps of western North America during the Late Turonian (Blakey, 2014) 
and detailed paleogeographic maps of the study area for the respective time slices (transgression top, 
regression bottom).    
 
 The WCM deposition is dominated by seasonal storms and longshore currents 
and facies distribution and stacking patterns are controlled by fourth-order glacioeustatic 
sea-level fluctuations with speculations of minor tectonic influences. 
The WCM has three separate reservoir types: transgressive sands, HST deposits, 
and LST deposits. Transgressive sand reservoirs are thin and locally present, but reservoir 
quality is good due to high porosity, low clay percentages, and little calcite cementation. 
HST deposits are large, well-connected, reservoirs that are continuous for greater than 
500m. Reservoir quality concerns for these deposits are the variable mud content mixing 
due to variable bioturbation indexes, organic debris abundance possibly acting as 
nucleation sites for calcite growth, and the laterally discontinuous isolated scour and fill 
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structures. LST reservoirs show poor reservoir quality based on the abundance of clays 
(mud rip-ups, mud drapes, interbedded muds) and low reservoir connectivity due to 
discontinuous beds and mud beds/drapes acting as baffles to flow, but individual 
sandstone beds have good porosity in a medium-grained sandstone. 
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Appendix B: Gamma Ray Data 
WCR-
1             
Height 
(ft) 
GR 
(API) 
GR 
(API) 
GR 
(API) K K K U U U Th Th Th 
0 216.8     3.3     8.1     24.8     
1 176     3.3     8.4     14     
3 176     3.4     8.4     13.6     
5 169.2     3.2     5.7     18.1     
7 167.6     3.3     5.3     18.1     
9 182     3.2     7.8     17.1     
11 170     3.1     6.6     16.9     
13 168     3.5     5.3     17.4     
15 155.2     3.4     5.2     14.8     
16 118.8     2.7     3.3     12.3     
17 140     2.6     6     12.6     
17.5 133.6     2.9     4.5     12.8     
19 152.8     2.7     8.1     11.2     
20 120.8     2.6     5.2     9.4     
22 116.8     2.9     5.2     7.2     
24 122.4 137.2 118.8 2.7 2.7 3.1 3.4 6.6 3.1 13 10.3 11.1 
26 144     3.2     3.1     17     
28 132     2.9     5.1     11.2     
30 118.8     3     1.5     14.7     
32 146.8     2.9     5.6     13.9     
34 133.6     2.7     6.3     10     
36 118.8     3     7     10.3     
38 136.4     2.6     4.5     14.7     
40.5 163.2     3.1     7.5     13.4     
42.5 161.2     3.6     7.6     10.7     
44.5 124.8     3.1     5.3     8.2     
46 116.8     2.9     4.2     9.2     
48 130.4     2.5     6.5     9.6     
50 104     2.5     3.5     9     
52 124.8     2.8     3.1     13.8     
54 146     2.5     5.4     15.7     
56 131.6     2.9     5.4     10.5     
58.5 131.6     3.3     4.8     10.1     
60.5 134.8     2.4     7.1     9.9     
62.5 163.2     2.9     9.3     10.6     
89 
 
65 131.6     3.5     4.8     9.3     
67 133.6     2.8     5.3     11.6     
69 136.8     2.7     7.7     8     
72.5 132     2.9     4.7     12     
74.5 150     3.2     5.1     14.5     
76.5 126 144.8   3.2 3.3   1.7 3.8   15.3 15.4   
78.5 145.6     3.4     5.3     12.2     
80.5 150     2.9     4.3     17.3     
82.5 119.6     2.8     3.4     11.9     
84 86.4 89.6   1.7 1.8   3.6 3.4   6 8.4   
86.5 131.6     3.1     4     12.5     
88.5 134.4     3.4     4     12     
90.5 158     3.1     7.4     12.3     
92.5 136 159.6   3.6 3.7   1.4 5.2   16.8 14.7   
94.5 135.2     2.8     5.3     12     
96.5 112     2.6     4.4     8.8     
98.5 89.6     2.4     2.4     8     
100.5 106     2.4     2.8     11.3     
102.5 96.4     1.9     4.9     7     
103.5 67.2 111.2   1.5 2.6   0.8 2.5   9.2 12.4   
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TW-16         
Height 
(ft) 
GR 
(API)   K K U U Th Th 
0 161.2   3   5.6   17.1   
1 156.8   3.2   5.6   15.2   
2 176.4   2.9   7.7   17.1   
3 182.4   2.9   6.5   21   
4 166   2.7   7.5   15.7   
5 164.8 168.4 2.6 3.3 7 6 13.4 13.7 
6 147.6   2.7   6   14.1   
7 142   2.1   9   15.3   
8 147.6   2.6   8   10.5   
9 160.4 155.2 2.3 3.1 5.2   20.5 12.4 
11.8 110.4   2.8   2   12.4   
12.7 136.4   3   2.7   16.7   
13.7 137.6   3.3   4.6   12   
14.7 107.6   3.2   4.4   5.3   
15.7 139.6   3.6   3.7   13.1   
16.7 158.4   4.4   3   16   
17.7 153.2   3.4   5.5   13.7   
18.7 148.4   3.1   5.7   13.3   
19.9 143.2   2.8   5.4   13.8   
21 128   2.5   3.6   14.8   
22 106   2.5   4   8.5   
23 127.2   2.9   6.4   7.4   
24 134.4   3.2   4.6   11.6   
25 104.8 105.2 2.8 2.4 4.4 2.9 6.2 10.9 
26 107.6   2.4   4.2   8.9   
27 114.8   2.6   2.4   13.5   
28 116.4   2.4   3.8   11.9   
28.5 70.8   1.2   3.3   6.3   
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TW-15         
Height 
(ft) 
GR 
(API)   K K U U Th Th 
0.3 155.2               
1.3 158.8               
2.3 158               
3.3 158               
4.2 89.6 152.8             
5.2 146               
6.2 146               
8.2 150               
10.2 124.8               
12.2 124.8               
15 113.2               
17 140               
19 120.8               
21 144.8               
23 114.4               
25 118.8               
27.4 68.8               
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TW-9             
Height 
(ft) 
GR 
(API)     K K K U U U Th Th Th 
0 192.4     3.6     9.3     15.1     
2 172.4     3.7     8.2     11.9     
4 170.8     3.5     5.1     18.5     
5 174.8     3.7     7     14.9     
6 170     3.5     6.2     16.1     
7 
150.
8     3.8     3.6     15.3     
8 
141.
2     3.1     4.6     13.7     
10 140     2.9     3.4     16.6     
12 138     2.4     7.7     9.5     
14 
148.
4     2.8     6.2     13.5     
16.2 136     2.3     4.7     15.4     
18.2 
111.
2     2.4     3.5     11.2     
19 
131.
6     2.3     4.4     14.9     
19.6 
132.
8     2.6     5.7     11.4     
20.5 144     2.6     6.3     13     
21.5 157.2     2.5     8.3     12.7     
23.5 
123.
2     3     3.3     12.2     
25.5 
135.
6     2.8     5.7     11.3     
26.5 
118.
4     3.3     4.4     7.6     
27.5 
140.
8     2.5     7     11.2     
29.5 
146.
8     2.3     7     13.5     
31.5 170 148.4 157.6 3.6 3.2 3.3 3.6 6.3 6.7 20.9 11.7 
12.
8 
33.2 106     2.3     3.6     10.1     
36 
108.
4     3.2     2.7     8.9     
40 93.6     2.5     2.7     8     
44 
108.
8 116   2.8 2.2   1.5 3.1   13 14   
47.2 125.     2.5     2.2     16.9     
93 
 
2 
51.2 150     3.6     6     11.1     
52.2 
105.
2     2.2     4.9     7.7     
54.2 
110.
4     2.4     3.7     10.6     
56.2 97.6     2.1     3.2     9.6     
57.2 108     2.3     1.8     14.2     
59.2 94.4     2.6     2.3     8.6     
60.2 76     1.6     1.9     8.8     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
TW-4         
Height 
(ft) 
GR 
(API)   K K U U Th Th 
94 
 
0.5 
194.
8   4.2   5.1   21.7   
2.5 
190.
8   3.4   6.4   21.3   
4.5 
168.
8 
17
3.6 3.6 3.1 6.6 6.7 14.6 17.6 
6.5 147.2   3.3   5.5   12.6   
8.5 178.4   3.8   8.5   12.4   
9.5 
156.
8   3.6   6.4   12   
11.5 
199.
2   3.9   8.5   17.2   
13.5 178.4   3.5   7.7   15.2   
15.5 159.2   3.8   5.7   13.2   
17.5 
185.
6   3.3   7.7   17.8   
19.5 
180.
4   3.1   9.2   14.3   
21.5 
171.
2   2.8   7.6   16.4   
22 176   3.6   7.6   14.4   
23.5 168   3.4   6.5   15.4   
25.5 
171.
6   3.3   7.2   15.3   
27.5 
156.
8   3.5   4.6   16   
29.5 160.4   3.5   4.7   16.7   
31.5 
158.
8   3   5.5   16.7   
32.5 
123.
2   2.7   3.9   12.2   
34.5 
116.
4   2.4   5.4   8.7   
36.5 
101.
6   2.3   3.8   8.6   
38.5 
120.
4   2.5   2.7   14.7   
40.5 
130.
8   3.1   3.5   13.3   
42.5 
121.
6   2.6   3.5   13   
44.5 
122.
4   2.3   6.2   9   
46.5 
124.
4   2.6   3.5   13.7   
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48.5 
109.
6   2.5   3.5   10.4   
50.5 
112.
8   2.4   3.7   11.2   
52.5 92.4   1.7   3.6   9.1   
56.5 107.6   2.4   3.6   10.1   
58.5 
115.
2   2.2   3.9   12.2   
60.5 
141.
2   2.9   7.3   9.1   
62.5 
116.
8   2.1   5.5   9.8   
64.5 77.6   1.4   3.2   7.4   
65 93.2   2   3.7   7.9   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
TW-7         
Height 
(ft) 
GR 
(API) 
GR 
(API) K K U U Th Th 
0 187.2 195.6 3.8 3.3 6.5 7.4 18.6 20.9 
1 190   3.2   8.7   17.3   
2 168   3.1   8.3   13   
3 185.6   3.7   7.1   17.4   
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4 169.2   3.5   4.5   19.3   
5 170.8   3.4   5.3   18.5   
6 167.2   3.5   6.4   15   
7 180   3.7   5.5   19.2   
8 182.8   3.5   7.9   15.9   
9 168.4   3.7   3   21.3   
10 174.4   3.5   7.2   15.2   
11 172.4   3.8   5.9   16.1   
12 166.4   3.4   6.3   15.4   
13 208   4.4   6.5   21.4   
14 176   3.8   4.6   19.6   
15 172   3.4   3.1   23.2   
16 174 180.8 3.2 2.8 9.9 7.3 10.9 19.4 
17 154.4   3.4   4.9   15.2   
18 178.8   3   9.8   13.1   
19 189.2   2.9   9.4   16.9   
20 194.4   3.6   7.5   19.2   
21 153.6 149.2 3.1 3.6 6.2 4.6 13.6 13.7 
21.7 150.8 142.8 3 2.8 5.8 6.7 14.1 11.1 
22.4 138   2.3   5.9   13.5   
24.4 132.8   2.6   5.2   12.4   
26.4 145.2   3   3.7   16.9   
28.4 115.2   2.5   5   8.8   
30.5 124.8   3   2.5   14.2   
32.5 126.8   2.6   3.4   14.5   
34.5 144.4   2.2   6.2   14.9   
35.5 137.2   3   5.2   11.9   
36.5 144.8   3.4   4.2   14.2   
37.5 142.4   3.1   4.9   13.4   
39.5 136.4   2.4   6.3   11.9   
41 125.2   2.3   3.8   14.5   
42 121.2   2.1   4.3   13.3   
44 94.8   2.3   2.3   9.9   
46 93.2   2.3   2.5   9.1   
48 86   2.2   1.9   8.9   
50 92 119.2 2.2 2.7 2.5 2.6 9.2 13.8 
52 134.8 129.2 2.8 2.8 5.2 3.7 12.1 13.7 
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54 119.2   2.8   3.5   11.6   
56 104.4   2.1   3.8   10.1   
58 89.6   2.1   4.2   5.6   
60 89.6   2.2   3.6   6.4   
62 112.4 146.4 2.4 3.3 3.1 5.8 12.3 11.8 
64 156.8 145.2 3.4 3.7 5.2 4.6 15.2 12.3 
66 151.6   3.3   5.1   14.5   
68 99.2   2.2   3.3   9.4   
69 60.4   1.2   2.3   5.7   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
H191-1         
Height 
(ft) 
GR 
(API)   K K U U Th Th 
0.5 160.4 153.6 3 3.4 6.1 4 15.9 16.8 
1.5 158   3.1   5.6   15.9   
2.5 158.8 175.6 3.3 3.2 4.9 6.2 16.7 18.7 
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3.5 157.2   3.3   5.1   15.9   
4.5 184 156 3.6 2.9 5.5 7.5 20.6 12.4 
5.5 172.8   3.2   4.8   20.8   
6.5 189.2 172 3.5 2.5 7.2 7.7 18.9 7.6 
7.5 156.8   3.6   4.8   15.2   
8.5 179.6 167.6 3.8 3.4 5.1 5.7 19.5 16.9 
10.5 165.6   3.3   6.2   15.8   
12.5 167.6   3.4   5.5   17.3   
14.5 184   3.3   8.5   15.8   
15.5 142.4   2.7   4.9   15   
16.2 141.6   2.6   5.8   13.4   
16.8 146.4 113.6 3.1 2.8 6 3.8 12.2 9.6 
17.4 156.8   3.3   5   16   
18.1 120   2.5   4.9   10.2   
19.1 104.4 123.2 2.6 2.7 5.4 5.5 4.9 9 
21.1 118.8   2.6   3.9   11.5   
23.1 118   2.6   4.2   10.7   
25.2 146.4 152.8 3.3 3 6.8 5.1 9.8 16 
26.4 112.8   2.4   6.3   6   
27.4 105.6   2.5   3   10.4   
28.4 128.4   2.7   6.4   8.5   
29.4 148.8 115.2 2.9 3.1 6.7 3.4 12.2 9.6 
30.5 124   3.1   4.8   9   
31.5 144.8   3.9   2.2   16.2   
32.5 116.4   2.4   5.4   8.7   
33 131.2   2.8   5.6   10.4   
33.9 130.4   3.1   2.5   15.2   
34.5 112.8   2.7   2.7   12   
34.9 114.4   2.9   2.5   12   
35.5 162   3.4   7.1   12.7   
36.5 133.2   3.2   4.8   10.9   
36.9 124 152.4 2.8 4 3.2 3 13.4 16.1 
37.5 134.4   3   4.4   12.8   
38.5 107.6   2.5   3.6   9.7   
40.5 144.8 129.2 3.6 3 2.6 4.1 16.6 12.1 
42.5 118.4   2.4   3.1   13.8   
44.5 116   2.8   3.7   10.4   
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45.5 138   2.9   5.1   12.7   
46.5 137.2   2.8   5.2   12.7   
48.5 123.2   3.3   2.5   12.6   
50.5 124   2.5   4   13   
52.5 134   3.6   3.7   11.7   
53.5 138   3.2   2.9   15.9   
54.5 106.8   2.3   4.3   8.9   
55.5 120.8 63.2 2.6 1.3 4.4 2.5 11 5.6 
56.5 131.2   3   3.8   13.2   
57.5 105.2   2.2   4.7   8.1   
58.5 60.8   1.5   1.5   6.2   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
TTT 
Road 
Section
1     
Height 
(ft) 
GR 
(API) K U Th 
1 176.8 3.1 9.1 13.6 
100 
 
2 178.4 3.6 6.9 6.4 
3.9 151.2 2.7 3.9 19.2 
5.8 156.8 3.3 5.2 15.6 
7.8 158 3.5 2 21.5 
9.5 142.4 2.8 4.9 14.6 
11.5 133.6 3 4.7 12 
13.5 152 2.9 4.2 18 
14.8 132.4 2 7.4 10.3 
15.3 138.8 2.6 5.4 13.5 
17.2 155.6 2.8 6.3 15.1 
19.5 112 2.7 3 11.2 
21.5 137.6 2.2 6.3 13 
23.5 126.4 3.1 2.7 13.8 
25.5 140.4 3.2 6.8 8.7 
27.3 114.4 2.8 2.9 11.6 
29.3 118 2.9 3.4 11.1 
31.6 124 2.6 4 12.6 
32.1 128.8 2.5 4.1 14 
33.1 128.4 3.1 4.2 11.3 
34.1 132 2.8 3.5 14.8 
36.1 113.6 2.5 4.2 10 
38.1 116.4 2.9 2.8 11.9 
40.1 109.6 2 5.1 9.2 
42.1 103.2 2.9 2.4 9.4 
42.7 89.6 1.7 4.2 7.2 
 
 
 
 
 
 
 
 
H191-2      
Height 
(m) Height (ft) GR (API) K U Th 
0 0 214.8 3 10.7 
20.
3 
0.3 0.984252 183.2 3.8 6.3 18 
0.6 1.968504 178.4 3.5 7 16.
101 
 
6 
0.9 2.952756 157.2 3.7 3.6 
17.
3 
1.2 3.937008 160 3.1 8.8 10 
1.4 4.593176 176.4 3.2 4.7 
21.
9 
1.5 4.92126 159.2 2.9 6.7 
14.
8 
1.7 5.577428 174.8 3.2 6.7 
17.
5 
1.85 6.069554 163.6 3.8 5.6 
14.
5 
2.1 6.889764 180 3.6 7.6 
15.
4 
2.15 7.053806 124.8 2.8 5.1 9.8 
2.5 8.2021 152.4 2.9 5.2 
16.
1 
2.8 9.186352 140 2.8 6.7 
10.
4 
3.2 10.498688 129.2 2.7 5.3 
10.
9 
3.4 11.154856 142.4 3.2 3.4 16 
4 13.12336 135.6 2.9 5 
12.
3 
4.3 14.107612 133.6 2.8 4.8 
12.
6 
4.5 14.76378 135.2 3.2 4.2 
12.
6 
4.7 15.419948 146.8 3.2 5 
13.
9 
4.8 15.748032 138.4 3.1 5.3 
11.
6 
5.1 16.732284 139.6 2.8 5.5 
12.
7 
5.4 17.716536 134.8 3.6 4.2 
10.
9 
5.7 18.700788 152.4 3.7 3.2 
16.
9 
5.9 19.356956 116 3.5 4.3 6.4 
6.3 20.669292 122.8 3.7 3.4 9.1 
6.8 22.309712 151.2 4.2 3.6 
13.
8 
7.1 23.293964 113.6 2.8 3.8 9.6 
7.4 24.278216 132.8 3.2 3.4 
13.
6 
7.45 24.44225 115.2 2.6 6.2 6 
102 
 
8 
7.8 25.590552 121.2 3.2 3 
11.
5 
8.1 26.574804 113.6 2.6 5.2 7.6 
8.3 27.230972 105.2 2.9 2.3 
10.
1 
8.6 28.215224 100 2.1 3.6 9.4 
8.9 29.199476 138.8 3.7 1.4 
17.
1 
9.1 29.855644 112 2.7 4 9.2 
9.3 30.511812 132 2.6 5.3 12 
9.5 31.16798 127.6 2.7 3.9 
13.
3 
9.65 31.660106 113.6 2.5 4 
10.
4 
9.7 31.824148 132.8 2.9 3.4 
14.
8 
10 32.8084 115.2 3.4 1.8 
11.
6 
10.6 34.776904 98 3 2.1 8.3 
11.4 37.401576 121.6 2.5 5.9 8.6 
12.2 40.026248 110 2.6 4.1 8.9 
12.6 41.338584 103.2 2.6 3.8 7.8 
12.9 42.322836 99.6 1.8 4.5 8.7 
13.3 43.635172 132.8 2.5 6.4 
10.
4 
13.5 44.29134 150 2.8 9.1 8.1 
13.6 44.619424 128.4 3 5.6 8.9 
14.4 47.244096 102 1.8 4.7 8.9 
15 49.2126 98.8 2.2 2.9 
10.
1 
15.2 49.868768 64.4 1.5 1.4 7.3 
15.8 51.837272 82 2 2.8 6.9 
16.4 53.805776 76 1.5 3 7 
17 55.77428 93.2 2 4.1 7.1 
17.25 56.59449 63.6 1.1 3.7 4.1 
 
 
WCR-4-AMP    
Height 
(m) Height (ft) GR (API) K U 
0 0 193.2 3.8 8.1 
0.3 0.984252 179.6 3.2 7.9 
0.55 1.804462 167.2 3 8.8 
103 
 
0.9 2.952756 145.6 3.2 6.3 
1.1 3.608924 134 3 4.1 
1.5 4.92126 132.8 2.9 5.2 
2 6.56168 128.4 3.2 4.4 
2.4 7.874016 124.4 2.3 6.9 
3.2 10.49869 127.6 2.5 6.9 
3.9 12.79528 113.2 3.3 3.1 
4.5 14.76378 120.4 2.6 5.5 
4.7 15.41995 132.8 2.9 5.6 
5.25 17.22441 125.2 2.1 7.2 
5.3 17.38845 128.8 2.8 3.8 
6 19.68504 123.2 2.4 5.5 
6.6 21.65354 113.6 2.3 4.6 
7.2 23.62205 140.8 2.7 6.1 
7.7 25.26247 124 2.5 5.8 
8.1 26.5748 135.2 2.4 6.9 
8.2 26.90289 122.4 2.8 5.6 
8.6 28.21522 134.4 3.4 3.8 
9.1 29.85564 122 2.9 5.9 
9.3 30.51181 131.2 2.9 3.2 
9.9 32.48032 125.2 2.6 5.2 
10.3 33.79265 130 2.4 5.4 
10.4 34.12074 92 1.8 6.3 
11.1 36.41732 101.6 2.3 3.6 
11.5 37.72966 135.6 3.2 2.4 
12 39.37008 120 2.7 2.7 
12.2 40.02625 136.4 2.5 5.9 
12.6 41.33858 148.4 2.7 5.9 
13.2 43.30709 131.6 2.8 6.2 
13.6 44.61942 136 2.8 5.8 
13.9 45.60368 158.4 3.4 6.6 
14.1 46.25984 148.4 3.4 5.7 
14.15 46.42389 138.8 3 4.6 
14.3 46.91601 161.2 3.2 7 
14.45 47.40814 145.6 3.1 4.3 
15.5 50.85302 158.8 2.8 5.5 
16.1 52.82152 147.2 3.5 4.7 
16.5 54.13386 142.8 3.4 4.1 
16.9 55.4462 123.6 2.5 3.6 
17.6 57.74278 135.2 2.9 5.3 
18.7 61.35171 114.8 2.6 3.6 
104 
 
19.8 64.96063 117.2 2.7 4.1 
20.2 66.27297 123.2 3 5.3 
20.8 68.24147 141.6 2.8 6.2 
21.1 69.22572 155.2 3.2 6.6 
21.3 69.88189 109.6 2.2 4.7 
21.6 70.86614 118 2.4 4.8 
21.8 71.52231 122.8 1.8 6.1 
23.1 75.7874 134.8 2.5 5.9 
24.1 79.06824 117.6 2.1 6.4 
24.6 80.70866 108 2.3 4.1 
25.9 84.97376 101.2 1.5 5.6 
26.6 87.27034 106 2.1 5 
27.3 89.56693 108.8 2 4 
28.2 92.51969 130.4 2.3 5.7 
28.3 92.84777 101.6 2.3 4.2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
TW-2      
Height 
(m) 
Height 
(ft) 
GR 
(API) K U Th 
0 0 184.8 3.2 7.8 17.8 
0.6 1.968504 158.8 3.1 6.1 15.1 
105 
 
1.2 3.937008 164.4 3 6.5 16.1 
1.75 5.74147 148.4 2.9 3.8 17.9 
2.05 6.725722 165.6 3.2 6.2 16.2 
2.1 6.889764 122.4 2.8 3.6 12.2 
2.4 7.874016 123.6 2 6.2 10.5 
3.3 10.82677 126.8 2.4 6.4 9.3 
3.9 12.79528 138 2.5 6.1 12.3 
4.4 14.4357 114 2.6 3.7 10.7 
5 16.4042 136.8 3.2 4.1 13.2 
6.05 19.84908 126 2.9 2.7 14.5 
6.5 21.32546 139.6 2.7 6.7 10.7 
6.8 22.30971 111.2 2.4 3.3 11.6 
7 22.96588 129.6 2.3 4.8 13.6 
7.3 23.95013 120 2.5 3.9 12.2 
7.7 25.26247 158.4 3.5 5.2 15.2 
8.3 27.23097 134.4 2.7 5.8 11.2 
8.5 27.88714 136.4 2.7 6.7 9.9 
8.9 29.19948 118 3.1 3.8 9.5 
9.1 29.85564 163.6 3.4 8.3 10.7 
9.4 30.8399 150.8 3.3 6.4 11.7 
9.7 31.82415 132 2.9 4.7 12 
9.9 32.48032 116.8 2.3 3.1 13.8 
10.1 33.13648 131.2 2.7 5.2 11.6 
10.55 34.61286 153.2 3.6 5.3 13.3 
10.8 35.43307 133.6 2.7 4.7 13.2 
11.1 36.41732 128.4 2.6 6 9.7 
11.7 38.38583 105.2 2 4.1 10.1 
12.6 41.33858 119.6 2.7 4.8 9.5 
13.1 42.979 127.6 3 6 7.9 
13.3 43.63517 119.6 2.7 3.6 11.9 
13.8 45.27559 127.6 3 2.7 14.5 
14.4 47.2441 119.2 2.6 4.2 11 
15.6 51.1811 125.2 2.8 4.4 11.3 
16.5 54.13386 124.8 2.7 5.1 10.2 
17 55.77428 134.8 2.2 5.7 13.5 
17.3 56.75853 82 1.9 3.8 5.3 
17.6 57.74278 81.2 1.6 2.3 9.3 
17.8 58.39895 121.6 2.6 3.9 12.2 
18.3 60.03937 128 2.4 4 14.4 
18.8 61.67979 91.2 2.2 3.6 6.8 
19.3 63.32021 106.8 2.5 2.7 11.3 
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19.8 64.96063 101.2 2.1 3 10.9 
20.3 66.60105 103.2 2.1 4.3 8.8 
20.8 68.24147 121.6 2.2 7.1 7.4 
21.3 69.88189 93.2 1.6 3.7 9.5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
TW-5 
Height 
(m) Height (ft) GR (API) K U Th 
0.3 0.984252 173.6 2.7 8.9 14.8 
0.6 1.968504 171.6 3 7.8 15.3 
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0.9 2.952756 184 3.2 8.5 16.2 
1.15 3.772966 171.6 3.5 7.8 13.3 
1.3 4.265092 170.8 3.4 6.9 15.3 
1.4 4.593176 182.4 3 9.3 15 
1.7 5.577428 173.2 3.3 8.6 12.9 
2 6.56168 184.8 3.3 8.2 16.6 
2.3 7.545932 181.2 3.8 6.7 16.7 
2.6 8.530184 187.2 3.1 9.1 16.2 
2.7 8.858268 149.6 3.6 5.3 12.4 
2.9 9.514436 124 2.7 4.4 11.4 
3 9.84252 118 2.6 5 9.1 
3.1 10.170604 126.8 2.3 7.2 8.1 
3.3 10.826772 114 2.5 3.1 12.3 
3.5 11.48294 149.2 3.1 5.6 13.7 
3.7 12.139108 142.8 2.5 4.6 16.5 
3.85 12.631234 133.6 2.5 4.7 14 
4.2 13.779528 142.4 2.9 4.7 14.6 
4.5 14.76378 123.2 3.2 3.9 10.2 
4.8 15.748032 126.8 2.4 4.8 12.5 
5.1 16.732284 139.6 3 5.7 11.5 
5.4 17.716536 131.2 3 3.6 13.6 
5.7 18.700788 142.8 3.2 6.1 10.7 
6 19.68504 132.4 3.3 5.5 8.9 
6.3 20.669292 149.6 2.5 4.3 18.8 
6.6 21.653544 123.6 2.3 5.6 10.5 
6.8 22.309712 142.4 2.7 7.5 9.8 
6.9 22.637796 136 3 4 14 
7 22.96588 113.6 2.8 3.4 10.4 
7.2 23.622048 136 3.1 4.4 12.8 
7.3 23.950132 122.4 2.6 4.4 11.4 
7.4 24.278216 130 3.3 2 15.3 
7.5 24.6063 137.2 3 3 16.3 
7.6 24.934384 124.4 2.2 4.7 12.9 
7.7 25.262468 124.8 2.7 4.7 11 
7.9 25.918636 137.6 2.7 6 11.6 
8 26.24672 150 2.7 6.9 12.9 
8.2 26.902888 106.4 3.2 3.6 6.6 
8.3 27.230972 160.4 3.2 7.1 13.1 
8.6 28.215224 130.8 3.1 3.3 13.7 
8.9 29.199476 160 3.4 8 10.4 
9.2 30.183728 146.4 2.6 8.5 9.2 
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9.5 31.16798 132.8 2.9 5.6 10.4 
9.7 31.824148 158 2.6 5.8 17.5 
9.9 32.480316 145.6 3 5.9 12.6 
10.1 33.136484 134.8 2.5 4.3 15.1 
10.4 34.120736 127.6 2.7 3.3 14.5 
10.7 35.104988 153.6 3.1 4.6 16.8 
11.15 36.581366 110.4 2.4 2.2 13.6 
11.4 37.401576 142.8 3.6 4.9 11.5 
11.6 38.057744 114.4 2.6 3.1 12 
11.8 
38.71391
2 143.2 3 3.4 17 
12.2 40.026248 125.6 3 5 9.4 
12.5 41.0105 129.6 2.5 4.6 13.2 
12.8 41.994752 119.2 2.3 4.2 12.2 
13.5 44.29134 124.8 2.8 4.3 11.4 
14 45.93176 125.2 2.8 1.6 16.9 
14.6 47.900264 120.8 2.4 5.4 9.8 
15.2 49.868768 122 2.5 2.2 16.1 
15.8 51.837272 136.4 2.9 4.1 14.3 
16.4 53.805776 112.8 2.5 4.7 8.8 
17 55.77428 107.2 1.7 4.6 10.8 
17.6 57.742784 88.8 1.8 2.3 10.4 
18.4 60.367456 159.2 3.3 7.9 10.8 
18.7 61.351708 168.4 3 5.6 18.9 
19.1 62.664044 142.4 3.2 2.1 18.6 
19.3 63.320212 120 2.6 4.7 10.2 
19.5 63.97638 122 2.1 5.4 11.3 
19.65 64.468506 80.4 1.6 3.4 6.9 
      
 
 
 
 
 
 
 
 
 
TW-1      
Height 
(m) 
Height 
(ft) 
GR 
(API) K U Th 
0 0 157.2 2.6 6.8 15.3 
0.5 1.64042 192.4 3.6 10 13.7 
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1 3.28084 194.8 3.7 7.3 19.3 
1.45 4.757218 192.4 3.7 5.2 22.9 
1.5 4.92126 134.8 2.7 4.1 14.7 
1.8 5.905512 150.8 2.9 5.8 14.5 
2.1 6.889764 151.2 3 5.9 14 
2.45 8.038058 112 2.6 4.4 8.8 
2.7 8.858268 118.8 2.7 3.7 11.5 
2.9 9.514436 132 2.2 5.9 12.4 
3.1 10.1706 119.6 2.6 5.2 9.1 
3.4 11.15486 112 2.6 2.8 12 
3.6 11.81102 114 2.3 3.5 12.3 
3.7 12.13911 116.4 2.2 4 12.3 
4.05 13.2874 123.2 2.6 4.7 11 
4.1 13.45144 131.2 2.3 6.6 10.4 
4.3 14.10761 109.6 2.1 5.1 8.8 
4.7 15.41995 123.2 2.4 5.1 11 
4.9 16.07612 126 2.3 5.1 12.1 
5.1 16.73228 130 2.9 3.8 13.3 
5.3 17.38845 136.4 2.6 4.9 13.9 
5.7 18.70079 118.8 2.8 3.3 11.9 
5.9 19.35696 144.8 3.1 6.2 11.4 
6.1 20.01312 120.8 2.7 3.6 12.2 
6.2 20.34121 100.4 1.8 3.7 10.5 
6.8 22.30971 132 2.7 5.1 12 
7.4 24.27822 132 3.2 2.3 15.6 
7.5 24.6063 103.6 2 3.5 10.9 
7.7 25.26247 96.4 2.2 2.5 10.3 
8.5 27.88714 115.6 2.5 3.3 12.3 
8.7 28.54331 140 2.9 4.4 14.6 
8.8 28.87139 124.4 2.6 3.7 13.3 
9.1 29.85564 132 3.1 3.9 12.8 
9.2 30.18373 139.6 2.8 5.3 13.1 
9.5 31.16798 124.4 2.6 2.9 14.9 
10.05 32.97244 162 4.1 3.9 16.3 
10.25 33.62861 131.2 2.4 5.4 12.4 
10.6 34.7769 142.4 3.1 5.3 12.6 
10.9 35.76116 115.6 2.5 6.1 6.7 
11.1 36.41732 122.4 3 3.8 11 
11.3 37.07349 146.4 3.1 8 8.2 
11.5 37.72966 110 2.1 2 15.1 
11.7 38.38583 101.2 2 4 9.3 
110 
 
11.9 39.042 122.4 2.7 5 9.8 
12.1 39.69816 104.4 2.2 4.4 8.5 
12.3 40.35433 86.4 2 1.8 10 
12.4 40.68242 99.2 2.4 3.5 8.2 
12.5 41.0105 100 2 4 9 
12.6 41.33858 102 2.3 1.3 13.7 
12.7 41.66667 120 2.2 5.9 9.4 
12.8 41.99475 118.8 2.8 3.3 11.9 
13.1 42.979 117.6 2.4 4 11.8 
13.3 43.63517 109.6 2.6 4.1 8.8 
13.7 44.94751 93.6 2.1 5.3 4.4 
14.1 46.25984 106 2.3 3.8 9.7 
14.5 47.57218 98.4 2.3 4 7.4 
14.7 48.22835 113.6 2.5 4.2 10 
15.1 49.54068 115.6 2.3 4.3 11.1 
15.5 50.85302 105.2 2 3.5 11.3 
15.8 51.83727 83.6 1.6 3.4 7.7 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
TW-6     
Height 
(ft) 
GR 
(API) K U Th 
1.5 177.6 4 5.8 16.8 
111 
 
2.5 170.8 3.5 6.9 14.9 
3.5 152.4 3.3 4.4 16.1 
4.5 164 3.7 4.8 16.6 
5.5 198.4 3.9 8.6 16.8 
6.5 218.4 3.8 10.9 17.6 
6.7 160.8 3.2 3.6 20.2 
7.2 147.2 3 7.3 10.2 
8.3 139.6 2.7 6.3 11.5 
8.8 132.8 2.6 4.2 14.4 
9.8 146.4 3.1 5.6 13 
11.4 130.8 2.9 4.9 11.3 
13 128.4 2.6 4.8 12.1 
14 141.6 2.5 4.2 17 
14.5 122.4 2.8 3 13.4 
14.8 135.2 3.1 5.7 10 
15.2 130 2.9 5 10.9 
15.8 115.2 2.7 4.2 9.6 
16.2 133.6 2.6 4.7 13.6 
17 115.6 2.6 5.7 7.1 
18 128.4 2.9 5 10.5 
19 142 2.4 4.1 17.7 
20.3 152.8 2.6 5.3 17.2 
21.5 140 2.7 5.2 13.8 
22 137.2 2.8 2.7 17.7 
22.4 140 3.5 5.5 10 
22.9 145.6 2.8 6.9 11.4 
23.6 152.4 3.1 6.8 12.1 
24.2 145.6 3.5 4.3 13.8 
25 135.2 3 5.5 10.8 
25.5 154.4 3.3 6.9 11.6 
26 170.8 3.6 6.5 15.3 
26.7 146.4 3.4 3.8 15.4 
27.4 141.6 3 3.6 16.2 
27.8 155.2 2.9 7 13.2 
28.2 160.4 3.5 5.3 15.5 
28.7 139.6 3.4 4.9 11.5 
29.2 156 3.4 6.3 12.8 
29.8 147.6 3 5.6 13.7 
30.2 142.4 2.9 4.1 15.8 
31 146.8 3.2 2.9 18.1 
32.2 156 3.2 6.1 14 
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33.5 135.2 2.8 8.7 5.2 
34.8 156.8 3.3 4.6 16.8 
36.5 133.2 3.1 6.2 8.5 
39.7 148 3.9 2.6 16.2 
41.5 142.4 3.1 5.3 12.6 
43.2 126.4 3.2 3.9 11 
45.3 147.6 2.8 5.4 14.9 
45.7 147.6 2.8 5.4 14.9 
46.9 154 2.7 5.7 16.3 
48.5 151.6 2.9 7.9 10.5 
49.8 150.8 2.8 7.4 11.7 
51.2 117.2 2.8 4.5 9.1 
51.6 122.4 2.7 5.4 9 
53.2 113.52 3 3 10.38 
53.6 106.8 2.4 4.9 7.3 
54.5 130.4 2.6 5.5 11.2 
56.5 118 2.8 4 10.3 
58.5 109.2 2.5 5.2 6.9 
60.5 96.8 2.1 3 9.8 
61.1 143.2 2.9 4.4 15.4 
62.5 120.8 2.5 5.4 9.4 
63.3 152.4 3.7 5.6 12.1 
64.5 139.6 2.9 6.1 11.1 
66.5 128.8 2.3 4.5 14 
67.3 109.6 2.2 4.9 8.8 
68.5 126.8 2.7 5.2 10.5 
69.3 116 2.9 4.7 8 
69.8 106 2.2 3.6 10.5 
 
 
 
 
 
 
 
 
 
 
 
Appendix C: Measured Sections 
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Appendix D: Measured Section GPS Locations 
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Appendix E: Facies Plates 
Plate 1: Facies 1-Sedimentary Structures and Ichnofauna 
 
 
 
 
A: Terebellina, Planolites, Chondrites traces within facies 1 B: Lenticular bedded sandstone and siltstone C: Thinly bedded planar 
laminated sandstones 
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Plate 2: Facies 2-Sedimentary Structures and Ichnofauna 
 
 
 
A: Convolute bedding B: Bouma sequence turbidite (see figure 9) C: Pinch and swell structures D: wavy bedded sandstone and 
siltstone E: Normal graded bedding F: Combined flow ripples G: Lenticular bedded sandstone and siltstone H: Thin trough cross-
bedded sandstone I: Soft-sediment deformation/pinch and swell structures J: Bioturbated sandstone and siltstone K: convolute 
bedding and wavy-lenticular bedded sandstone and siltstone. L: Arenicolites in a sand lens M: coal stringer N: Thalassinoides on a 
bed boundary O: Ophiomorpha in a thick interbedded sandstone P: Planolites (sand filled) in surrounding mudstone/siltstone 
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Plate 3: Facies 3/4-Sedimentary Structures and Ichnofauna 
 
 
A: Thick bedded planar laminated sandstone B: Hummocky cross-stratification C: Swaley cross-stratification D: HCS/SCS filled 
scour and fill structure with basal mud rip-up clasts E: Hummocky cross-stratification F: Large scour and fill structure G: Swaley 
cross-stratification H: Mud rip-up horizon along the base of a scour and fill structure I: Organic debris, mud rip-ups, and chert pebble 
intraclasts at the base of a scour and fill structure J: Pebble pockets along the base of a scour and fill structure K: Ophiomorpha 
burrows in HCS/SCS with subcritically- to critically- climbing ripples 
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Plate 4: Facies 5-Sedimentary Structures and Ichnofauna 
 
 
A-B: Combined flow ripples C: Thinly interbedded siltstone and sandstone D: Combined flow ripples E: Arenicolites in the 
interbedded shales F: Bottom view of Arenicolites traces G: Large chert pebble within a turbidite bed H: Shark tooth and chert pebble 
suspended in the middle of a turbidite bed I: Organic wood fragment on a bed boundary J: Large petrified wood chunk with abundant 
Teredolites traces K: Flute casts along bed boundaries L-M: Large chunk of petrified wood N: Arenicolites and Conichnus traces at 
bed boundary O: Vertebrate fragment suspended in the middle of a turbidite P: Ophiomorpha crossing bed boundaries Q: Rosselia 
trace filled with mud R: Teredolites traces with remnant organic matter S: Thalassinoides and Arenicolites traces along bed boundaries 
T: Chondrites traces and Skolithos traces along a bed horizon 
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Plate 5: Facies 6-Sedimentary Structures and Ichnofauna 
 
 
A: Migrating asymmetrical HCS/SCS (see figure 14 and text) B: Small scale fine-grained trough cross-bedded sandstone C: 
Migrating HCS/SCS structures (see figure 14 and text) D: Small scale fine-grained trough cross-bedded sandstone E: Mud rip-up 
clasts within trough cross-beds F: Bi-direction trough cross-beds G: Skolithos traces along upper bed boundary H: Mud draped 
foresets of trough cross-bed I-J: Ophiomorpha trace fossil in facies 6 
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Plate 6: Facies 7/8-Sedimentary Structures and Ichnofauna 
 
A: Tidal dune bottom-sets B: Tidal dune lee face C: Tidal dune crests D: Tidal dune ripples tops E: Reactivation surface F-H: Tidal 
bundles I: Mud rip-up horizons at the base of beds J: Rippled tops of tidal dunes K: Arenicolites trace L: Mud filled Ophiomorpha 
burrow M-N: Chondrites traces in the tidal dune bottom-sets O: Palaeophycus, Monocriterion, and Inoceramus shell cast P: Mud 
filled Rosselia burrow 
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Plate 7: Ammonites and Bivalves 
 
A: Prionocyclus germari ammonite B: Scaphites whitfieldi ammonite C-F: Inoceramus shell casts and fragments 
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Appendix F: Thin Section Scanned Billets 
Plate 1: WCR-1 Thin Sections 
 
 
 Thin sections designate a general overview of the individual facies. All scanned thin sections are ~2” on the long axis and ~1” on the short axis. Each thin section has a notch cut into it designating stratigraphic up and is injected with blue epoxy to designate 
porosity. No other staining was done. See the measured sections in appendix C for stratigraphic position and designated facies. 
144 
 
 
 
Plate 2: TW-7 Thin Sections 
 
 
 
 
Thin sections designate a general overview of the individual facies. All scanned thin sections are ~2” on the long axis and ~1” on the short axis. Each thin section 
has a notch cut into it designating stratigraphic up and is injected with blue epoxy to designate porosity. No other staining was done. See the measured sections in 
appendix C for stratigraphic position and designated facies. 
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Plate 3: TTT Road Section 1 Thin Sections 
 
Thin sections designate a general overview of the individual facies. All scanned thin sections are ~2” on the long axis and ~1” on the short axis. Each thin section has a notch cut into it designating stratigraphic up and injected with blue epoxy to designate porosity. No 
other staining was done. See the measured sections in appendix C for stratigraphic position and designated facies. 
